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Abstract

Phase Change Materials (PCMs) have the potential to reduce the cooling and heating energy
consumption of buildings. The high latent heat of PCMs helps them to absorb and release large amounts
of energy when the PCM changes phase from solid to liquid and from liquid to solid respectively. The
climatic conditions and the thermophysical properties of the PCMs play a crucial role and thus,
understanding the impact using a particular PCM in a particular climatic condition needs to be
understood thoroughly before adding PCM to the building envelope. Previous research has shown that

addition of PCM to building envelopes does not always reduce energy consumption.

In this research project, the performance and heat transfer characteristics of two PCMs integrated in a
typical residential wall in California was characterized using simulations. PCM 1 is a spackle type product
that can be applied to the inner wall and consists of 53% PCM. PCM 1 is a blend of different PCMs and
has a melting range from 280K (6.85°C) to 300K (26.85°C). PCM 2 is a salt based PCM and is
encapsulated inside panels of plastic material. PCM 2 has melting 294.15K (21°C) to 294.95K (21.8°C).
The typical residential wall with no PCM integrated was used as a baseline and a total of 8 PCM-
integrated wall designs were studied using simulations, and their impact on reducing cooling and
heating energy consumption in comparison to the baseline case was analyzed. The Sacramento
weather was used in these studies and representative days of Winter, Summer, and Shoulder were
tested. Addition of PCM 1 to the inner wall surface did not produce any significant energy savings for the
Winter day and Shoulder day. But adding PCM 1 to the inner wall surface produced 6.7% drop in the
cumulative heat leaving the inner wall surface and entering the house for the Summer day and thus, has
the potential to reduce cooling energy consumption. Addition of PCM 2 to the inner wall surface does

not reduce the energy consumption of the Winter day and the Summer day to have any significant



impact. PCM Next to Studs was a design tested where the PCM was placed between the stud and the
insulation. PCM inside Insulation+Stud Layer was another design tested where cubes of PCM were
uniformly distributed inside the Insulated+Stud blended layer. For the PCM Next to Studs and PCM
inside Insulation+Stud layer the behaviors of PCM 1 and PCM 2 are significantly different but results in
reduced heating energy consumption for the two Winter representative days simulated. The results
indicated that the for all the different wall designs tested in the Sacramento weather no significant

energy savings are generated by use of the two specific PCMs characterized in this study.
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Chapter 1: Background

Buildings contribute to 75% of the electricity consumption and 40% of the total energy consumption in
the U.S [1]. About 40% of the greenhouse gases emissions in the US can be attributed to building energy
consumption [2]. The highest contributors to building energy consumption in the U.S. are space cooling
and heating requirements [2]. The demands from the space cooling and heating requirements continue
to rise with increased demand for thermal comfort. Thus, to meet these requirements an effective
approach is to increase the building thermal mass. Typical U.S. home buildings have a low thermal mass
and thus, one method to improve the thermal performance of buildings is to incorporate phase change

materials (PCMs) to increase the thermal mass of buildings [3][4].

Previous research has shown that incorporation of PCMs in buildings that act as Latent Heat Thermal
Energy Storage (LHTES) systems significantly reduces the heating and cooling requirements [5]. PCMs
can store and release a significant amount of energy during the melting and solidification processes
compared to the energy storage offered by sensible heat. PCMs have a large thermal storage capacity
over a limited range of temperatures and can act as an isothermal reservoir in that range. This
temperature selective behavior of PCMs renders them an actively researched solution for building
efficiency. Soares et al. [6] carried out a detailed review of the different PCM LHTES systems to improve
building energy efficiency. From their work, it was concluded that PCM LHTES systems improve the
indoor thermal comfort, increase the building envelope performance, decrease the space conditioning
requirements, reduce space conditioning loads, reduce the cost associated with the operation of active
space conditioning equipment, and utilize solar energy to enhance building performance. Although PCM
LHTES systems have a huge potential in saving energy spent on thermal comfort there many parameters
which need to be accounted for and thus, for saving energy, the optimal PCM solutions for each climate

have yet to be identified.



PCM LHTES systems offer a wide variety of benefits and their impact can be studied by considering
various output variables such as decrease in heat transfer through the walls, heat transfer delay, indoor
air temperature rise or drop, increase in indoor thermal comfort time, natural gas savings, electricity
savings, and energy associated cost savings. The effectiveness of a particular PCM solution is highly
dependent on the geographic location, local climatic conditions, and the desired impact on the building
envelope. Thus, a wide range of PCM LHTES studies have been carried out across the globe to find the

optimal PCM LHTES solution for that region with different objectives.



Chapter 2: Literature Review

Although PCMs have been well researched, there is still a large potential around the globe to leverage
the thermal capacity offered by PCMs. Saffari et al. [7] studied the impact of shows how different parts
of the world have leveraged passive PCM systems to reduce building energy consumption as shown in
Figure 1. But it can be seen that the majority of the world can still benefit from the development of
climatic condition-specific PCM solutions. This study concluded that the optimal PCM peak melting
temperature for San Francisco is 20.06°C and this can lead to annual heating energy savings of 760 kWh
or 3.8%. Similar, cooling and heating annual energy savings and optimal PCM peak melting temperature
for different cities have been provided in this study. This study also concluded, that for cooling dominant
climates PCM melting of 26°C with a melting range of 24-28°C leads to higher energy savings, and for
heat dominant climates PCM melting with 20°C with a melting range of 18-22°C leads to higher energy

savings.



® @
- ° °
& 5
Total anmal energy savings [kWh] . ®
o <0
@ 2000
@& o
- i

PCM peak melting temperature ['C]
0 T | .2

Figure 1. Global energy savings due to PCM passive systems in building envelope [8]

PCMs can be used to passively cool buildings which reduce the cooling energy demand and improve the
indoor comfort conditions. The benefits offered by PCMs can only be extracted if the PCMs melting
properties and the temperature conditions in that geographical location are aligned to effectively
leverage the high thermal storage offered by the PCM. Thus, there is a need to numerically analyze the
performance of the passive PCM solutions before physically implementing them. Simulation tools such
as ANSYS Fluent can help to understand the detailed 3D behavior of the PCM integrated walls, but to
estimate the energy and cost savings, whole building energy simulations are needed and can be carried
using software such as EnergyPlus. Typically, whole-building energy simulations assume 1D heat
transfer, and thus, these models need to be validated against experimental results and 3D models built

using software such as ANSYS Fluent.



EnergyPlus is a whole building energy simulation software and this has been widely used to estimate the
annual building energy consumption for buildings with and without PCMs. Tabares-Velasco et al. [8]
verified and validated the PCM model in EnergyPlus by conducting analytical verification, comparative
testing, and empirical validation From this exercise of verification and validation, they identified
limitations and developed guidelines for using the EnergyPlus PCM model as follows: time steps equal to
or shorter than three minutes should be used, accuracy issues can arise when modeling PCMs with
strong hysteresis, and default CondFD (which stands for one-dimensional Conduction Finite Difference)
can be used with acceptable monthly and annual results. But for accurate hourly performance and
analysis, smaller node spacing of 1/3 the default value in EnergyPlus should be used. This study helped
in understanding the limitations of whole building energy simulation software and how to overcome

them using a systematic approach.

Numerical and experimental studies were carried out by Kosny et al. [9] to analyze the thermal
performance of blown fiberglass insulation that was modified with spray-applied microencapsulated
PCM. Whole building energy simulations were carried out for different US climates using EnergyPlus.
Kosny et al. [10] also studied bio-based PCM that was encapsulated between 2 plastic films and
estimated a 10% reduction in wall-generated annual heating and cooling loads due to the addition of the
bio-based PCM. Evola et al. [11] simulated lightweight buildings using EnergyPlus to improve thermal
comfort by using PCMs. Through their results defined new indicators that help in better using PCMs to
improve thermal comfort inside buildings. Tardieu et al. found good agreement between the thermal
performance results predicted by EnergyPlus and the long-term measurements conducted in an office
size test room in Auckland, New Zealand [12]. Significant thermal energy storage benefits were observed
by using PCM-gypsum wallboards and they reduced the daily indoor temperature fluctuations on a
typical summer day by 4°C. Tetlow et al. parametrically evaluated the benefits and limitations of

incorporating PCMs in the internal wall insulation for retrofitting “hard to treat” houses in the UK using



EnergyPlus [13]. Other building energy simulations tools that have been widely used for estimating the

thermal performance of PCM solutions are ESP-r and TRNSYS. Schossig et al. [14]simulated lightweight

office using ESP-r and showed that application of microencapsulated PCMs in interior walls reduced the
reduced cooling load in summer. Kuznik et al. [15] used TRNSYS Type 60 to model the thermal behavior
of an external wall PCM integrated into it. They validated the TRNSYS model through the experiments

they conducted.

Integration of PCM in the building envelope is not always beneficial in reducing energy consumption but
instead is strongly affected by climatic conditions, PCM melting temperature, and occupant behavior
[16]. Wijesuriya et al. [17] concluded that in heating dominant climates the melting point of PCMs needs
to be optimized to increase the annual energy savings. In this study, annual building energy simulations
were conducted using EnergyPlus and BEopt for a home in Phoenix to optimize PCM properties and
location [17]. Wijesuriya et al. [17] found that in addition to PCM properties and location, the mode of
convection is also important to achieve optimal PCM performance. They concluded that forced
convection improved heat transfer between the walls and indoor air and thus, kept the living zones
cooler and reduced temperature fluctuations. Using optimal PCM locations and high-efficiency fans they
observed maximum cost savings of 29.4%. From these studies, it can be understood that for PCM latent

heat to be leveraged appropriate conditions need to exist both outside and inside the building.

Jamil et al. [18] carried out an experimental and numerical study using EnergyPlus to investigate the
effect of integrating Macro-encapsulated BioPCM™ Q25 in a typical duplex house in Melbourne,
Australia during the summer months from January 2015 to March 2015. This study compared the
maximum zone air temperature reduction and reduction in thermal discomfort hours for two bedrooms,
one of which had PCM integrated into the ceiling and the other one had no PCM integration. The results
show that maximum zone air temperature reduction is achieved when the preceding night temperatures

are low enough to completely solidify the PCM. The complete solidification of the PCM is more strongly

6



affected by the zone air temperature than the outdoor air temperature. To fully utilize the PCM, the low
zone air temperature needed to exist for a significant amount of time because of the low conductivity of
the PCM. To maximize the reduction in thermal discomfort hours the windows needed to be kept open
at night and the internal doors need to be shut to avoid air mixing. This change in occupant behavior
was shown to increase the reduction in thermal discomfort hours from 34% to 52%. Additionally,
spreading the same amount of PCM to the ceilings and walls improves the effectiveness as the heat
transfer surface area increases. This study points out the importance of occupant behavior and material

properties of the PCM used.

Lee et al. [19] carried out an experimental study on two test houses in Lawrence, KS for the cooling
season. These houses were constructed like a typical North American residential construction with
dimensions 1.83m x 1.83m x 1.22m and the air-conditioning was scaled down to meet the heating and
cooling requirements. This study focused on evaluating the effect of PCM on heat flux reduction and
heat transfer time delay. The PCM was incorporated in thin layers placed longitudinally within the walls
at different depths and the impact of location was studied. Location 1 corresponded to the PCM placed
between the wallboard and the insulation board and the following locations were placed 1.27cm,
2.54cm, 3.81cm, and 5.08 cm from the wallboard. The goal of this study was to find out the effect of the
PCM location within the wall cavity on the heat transfer reduction and management for the South and
West walls. Based on heat flux reduction alone PCM location 3 was the best location for PCM in the
South wall. Also, all the performance parameters improved the most for location 3 in the South wall
except for peak delay. At locations 1 and 2 in the West wall, the PCM melting and heat flux reductions
were similar to the corresponding South wall location but an increase in the daily heat transfer was
observed, and this was opposite to what was seen in the South wall. At location 3 in the West wall, the
PCM completely melts before the peak heat flux occurs and thus, the PCM at location 3 in the West wall

does not absorb a huge amount of heat during peak time. This study concluded that adding PCM to the



West wall helped in heat transfer management but did not help with energy savings. This shows that the
location of the PCM can have no impacts on energy savings or can increase the energy consumption.
Thus, the combination of climatic conditions, PCM properties, and PCM location needs to be tested

using numerical studies.

Modeling of Phase Change Materials

A Stefan problem is a moving boundary problem and it describes the phase change processes of melting
and solidification. The moving boundary is the interface between the solid and liquid phases and the
location of the moving boundary is calculated based on the energy balance condition called the Stefan
condition. The Stefan problem can be simplified by neglecting the convective term from the energy
equation and considering conduction as the dominant mode of heat transfer. Since the convective term
is neglected there is no need to solve the Navier-Stokes equation and this is the simplest form of the
Stefan problem. There are very few analytical solutions available and they mainly apply to one-
dimensional cases with infinite or semi-infinite regions. Additionally, these analytical solutions exist only
for cases with very simple initial and boundary conditions and constant thermal properties [20]. One
such analytical solution describing the freezing of a semi-infinite slab of water that uses similarity
solutions has been provided by Slattery [21]. The different similarity solutions to the Stefan problem can

be found in [22][23].

Due to lack analytical solutions to complicated solidification and melting problems numerical solutions
have been developed and applied to study the phase change behavior of different materials and to
develop practical applications of PCMs. The displacement rate of the phase change boundary is
controlled by the latent heat lost or absorbed at the boundary and this is an additional equation that

needs to be solved to obtain numerical solution of solidification and melting problems. The energy



transfer at the boundary and the corresponding location of the boundary is presented in the following

equation:

ds(t) oT; oT;
Lp <—dt ) =k (5) 4 (5)
Where L is the latent heat of fusion, p is the density, s(t) is the boundary location as a function of time,

t is the time, x is the location, k; is the conductivity of the solid, and k; is the conductivity of the liquid.

The enthalpy porosity developed by Voller et al. [24] is most commonly used for modeling solidification
and melting. This method has been further popularized because of its implementation in the commercial
software ANSYS Fluent. The enthalpy porosity method belongs to fixed-domain methods category. This
method does not require the explicit tracking of the solid-liquid interface. The temperature inside a cell
is used to estimate the liquid fraction and instead of sharp transition between solid and liquid there
exists a mushy zone between them. This method is able to accurately capture physics in situations when
the natural convection is strong and this method is fast to converge and has a high accuracy [25]. Assis
et al. [26][27] conducted experiments on commercially available paraffin wax and performed melting of
spherical shells with varying diameters. They conducted transient numerical simulations using the
enthalpy porosity method. Kamkari et al. [28] conducted experiments using lauric acid in a rectangular
enclosure. They imposed isothermal boundary conditions on one side and all other sides were insulated.
They captured the solid-liquid interface position by taking photographs at different times. Additionally,
they studied the impact of varying the inclination on melting time. They developed their own numerical
model based on the enthalpy porosity approach and validated it using their experimental results.
Another method that belongs to the fixed-domain category is the effective heat capacity method [25]. In
this method, the latent heat of fusion is incorporated into the specific heat capacity of the PCM. Thus,
the specific heat capacity when using this method is essentially a function of temperature with higher
specific heat capacity values in the melting temperature range.
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Chapter 3: Objectives

The goal of this project is to develop a better understanding of how passive PCM solutions can be used
to reduce the energy consumption of residential buildings in the state of California. It is important to
reduce the overall energy consumption, but it is equally important to reduce the energy consumption
during peak hours. Such reduction not only has cost benefits for the residents but it also plays an
important role in reducing the negative environmental impact due to use of peaker power plants.
Passive PCM solutions are sensitive to a wide range of parameters such as climatic conditions, seasonal
variations, building construction type, building orientation, building layout, indoor set-point
temperature, the quantity of PCM, location of PCM in building envelope, melting temperature, and
range of PCM, latent heat of PCM, and other thermophysical properties of PCM. It is important to note
that adding PCM to building envelope might help in one season, but based on the literature review it
can be guessed that it can have negative impacts during other seasons and thus, it is crucial to analyze

the impact of adding PCM throughout the year.

In this study, the impact of two PCM products was analyzed, namely PCM 1 and PCM 2. Based on the
method of application of the PCM products and the recommendations from manufacturers PCM 1 was
applied on the inner wall surface in layers of 3 mm, 6 mm, and 9 mm whereas PCM 2 was applied on the
inner wall surface in a layer of 6.3 mm. These layers were added on top of the drywall gypsum layer
which is the innermost layer of the typical wall construction employed in California. In addition to these
locations two more PCM locations were tested- the first was with PCM distributed throughout the
insulation, and second was with PCM located along the thickness of the studs in the insulation cavity.
Another parameter that was varied was the season and this was done by simulating the three
representative days each of which represented a season. The three representative days simulated were
Winter day, Summer day, and Shoulder day. The Winter day is representative from December 1% to

February 28" ,the Summer day is a representative day from June 1t to August 31°, and Shoulder day is

10



a representative from Spring in California between March 1% to May 31%. Table 1 represents the

different simulations that were conducted as a part of this project.

Table 1. Complete list of simulations cases performed in this study

Sr.

No.

PCM
Product

PCM Location (and
Thickness, if
applicable)

Seasonal Day

Case Description

No PCM

Not Applicable

Winter

No PCM, Winter Day (Baseline Case) with
Temperature Boundary Conditions and Full
Wall Model

No PCM

Not Applicable

Summer

No PCM, Summer Day (Baseline Case) with
Temperature Boundary Conditions and Full
Wall Model

No PCM

Not Applicable

Shoulder

No PCM, Shoulder Day (Baseline Case)
with Temperature Boundary Conditions
and Full Wall Model

No PCM

Not Applicable

Winter

No PCM, Winter Day (Baseline Case) with
Temperature Boundary Conditions and
Blended Wall Model

No PCM

Not Applicable

Summer

No PCM, Summer Day (Baseline Case) with
Temperature Boundary Conditions and
Blended Wall Model

No PCM

Not Applicable

Shoulder

No PCM, Shoulder Day (Baseline Case)
with Temperature Boundary Conditions
and Blended Wall Model

No PCM

Not Applicable

Winter

No PCM, Winter Day (Baseline Case) with
Inner Wall Convective Boundary
Conditions and Blended Wall Model

No PCM

Not Applicable

Summer

No PCM, Summer Day (Baseline Case) with
Inner Wall Convective Boundary
Conditions and Blended Wall Model

PCM 1

Inner Wall, 3mm

Winter

PCM 1, 3mm Layer at Inner Wall, Winter
Day with Temperature Boundary
Conditions and Blended Wall Model

10

PCM 1

Inner Wall, 6mm

Winter

PCM 1, 6mm Layer at Inner Wall, Winter
Day with Temperature Boundary
Conditions and Blended Wall Model

11

PCM 1

Inner Wall, 9mm

Winter

PCM 1, 9mm Layer at Inner Wall, Winter
Day with Temperature Boundary
Conditions and Blended Wall Model

12

PCM 1

Inner Wall, 3mm

Summer

PCM 1, 3mm Layer at Inner Wall, Summer
Day with Temperature Boundary
Conditions and Blended Wall Model

11




13 PCM 1 Inner Wall, 6mm Summer PCM 1, 6mm Layer at Inner Wall, Summer
Day with Temperature Boundary
Conditions and Blended Wall Model
14 PCM 1 Inner Wall, 9mm Summer PCM 1, 9mm Layer at Inner Wall, Summer
Day with Temperature Boundary
Conditions and Blended Wall Model
15 PCM 1 Inner Wall, 3mm Shoulder PCM 1, 3mm Layer at Inner Wall, Shoulder
Day with Temperature Boundary
Conditions and Blended Wall Model
16 PCM 1 Inner Wall, 6mm Shoulder PCM 1, 6mm Layer at Inner Wall, Shoulder
Day with Temperature Boundary
Conditions and Blended Wall Model
17 PCM 1 Inner Wall, 9mm Shoulder PCM 1, 9mm Layer at Inner Wall, Shoulder
Day with Temperature Boundary
Conditions and Blended Wall Model
18 No PCM | Not Applicable Winter 1 No PCM, Winter 1 Day with Inner Wall
(T«=292.65K) | Convective Boundary Conditions and
Blended Wall Model
19 PCM 2 Inner Wall, 6.3mm Winter 1 PCM 2, 6.3mm Layer at Inner Wall, Winter
(Tw=292.65K) | 1 Day with Inner Wall Convective
Boundary Conditions and Blended Wall
Model
20 No PCM | Not Applicable Winter 2 No PCM, Winter 2 Day with Inner Wall
(T<=294.5K) | Convective Boundary Conditions and
Blended Wall Model
21 PCM 2 Inner Wall, 6.3mm Winter 2 PCM 2, 6.3mm Layer at Inner Wall, Winter
(T=294.5K) | 2 Day with Inner Wall Convective
Boundary Conditions and Blended Wall
Model
22 No PCM | Not Applicable Summer 1 No PCM, Summer 1 Day with Inner Wall
(T-=298.65K) | Convective Boundary Conditions and
Blended Wall Model
23 PCM 2 Inner Wall, 6.3mm Summer 1 PCM 2, 6.3mm Layer at Inner Wall,
(Tw=298.65K) | Summer 1 Day with Inner Wall Convective
Boundary Conditions and Blended Wall
Model
24 No PCM | Not Applicable Summer 2 No PCM, Summer 2 Day with Inner Wall
(T~=294.8K) | Convective Boundary Conditions and
Blended Wall Model
25 PCM 2 Inner Wall, 6.3mm Summer 2 PCM 2, 6.3mm Layer at Inner Wall,
(T=294.8K) | Summer 2 Day with Inner Wall Convective
Boundary Conditions and Blended Wall
Model
26 PCM 1 PCM 1 inside Winter 1 PCM 1, In cubes inside Insulation + Stud

Insulation + Stud layer

(Te=292.65K)

layer, Winter 1 Day with Inner Wall
Convective Boundary Condition and
Blended Wall Model
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27 PCM 2 PCM 2 inside Winter 1 PCM 2, In cubes inside Insulation + Stud
Insulation + Stud layer | (T-~=292.65K) | layer, Winter 1 Day with Inner Wall
Convective Boundary Condition and
Blended Wall Model
28 PCM 1 PCM 1 inside Winter 2 PCM 1, In cubes inside Insulation + Stud
Insulation + Stud layer | (T-~=294.5K) | layer, Winter 2 Day with Inner Wall
Convective Boundary Condition and
Blended Wall Model
29 PCM 2 PCM 2 inside Winter 2 PCM 2, In cubes inside Insulation + Stud
Insulation + Stud layer | (T-~=294.5K) | layer, Winter 2 Day with Inner Wall
Convective Boundary Condition and
Blended Wall Model
30 No PCM | Not Applicable Winter 1 No PCM, Winter 1 Day with Inner Wall
(T«=292.65K) | Convective Boundary Conditions and Full
Wall Model
31 PCM 1 PCM 1 Next to Stud Winter 1 PCM 1, PCM 1 Next to Stud, Winter 1 Day
(Tw=292.65K) | with Inner Wall Convective Boundary
Condition and Full Wall Model
32 PCM 2 PCM 2 Next to Stud Winter 1 PCM 2, PCM 2 Next to Stud, Winter 1 Day
(Tw=292.65K) | with Inner Wall Convective Boundary
Condition and Full Wall Model
33 No PCM | Not Applicable Winter 2 No PCM, Winter 2 Day with Inner Wall
(T-=294.5K) | Convective Boundary Conditions and
Blended Wall Model
34 PCM 1 PCM 1 Next to Stud Winter 2 PCM 1, PCM 1 Next to Stud, Winter 2 Day
(Tw=294.5K) | with Inner Wall Convective Boundary
Condition and Full Wall Model
35 PCM 2 PCM 2 Next to Stud Winter 2 PCM 2, PCM 2 Next to Stud, Winter 2 Day
(Tw=294.5K) | with Inner Wall Convective Boundary

Condition and Full Wall Model

All these simulations were conducted using ANSYS Fluent. The temperature boundary conditions were

obtained from EnergyPlus and converted into MS Excel files that could be directly used as a boundary

condition in ANSYS Fluent. The inner wall convective boundary condition was directly implemented in

ANSYS Fluent by selecting the convective heat transfer coefficient and freestream temperature. The

main objective of this project is to develop insight into the heat transfer characteristics of a wall

embedded with PCM and make informed recommendations regarding the choice of PCM, optimal PCM

location, and PCM quantity to maximize energy savings. Additionally, the objective is also to develop

recommendations about what are the desirable and undesirable qualities the passive PCM solution must
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exhibit to reduce energy consumption from heating and cooling in residential buildings in California

Climate Zone 9.
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Chapter 4: No PCM (Baseline) Simulations

To better understand the impact PCMs have on the heat transfer characteristics of the wall, it is crucial
to develop a baseline “ No PCM” model of a typical residential building wall in California (CA). The
geometry of this wall replicated a typical residential building wall in CA and the material properties were
chosen such that they accurately represent the thermal properties of the wall. The No PCM model was
developed for 3 representative days: Winter, Summer, and Shoulder. Conducting these No PCM
simulations of a wall provided a standard against which the PCM integrated wall designs were compared

to understand the difference that addition of PCMs was making to the heat transfer characteristics.

Modeling Domain

The goal of this project was to find optimal retrofit PCM solutions to improve the energy savings in
residential buildings in CA and thus, the domain for these simulations were typical walls in residential
buildings in CA. Based on the climatic conditions and time of the day the outer side of the wall will
experience different combinations of convective and radiative conditions that will yield an outer wall
temperature. Similarly, based on the set-point temperature of the air-conditioning system inside the
house and the time of day the convective and radiative conditions will yield an inner wall temperature.
These inner wall and outer wall temperatures will fluctuate throughout the 24-hour cycle and these will
act as boundary conditions to the walls of the residential building. These temperature profiles applied as
boundary conditions were be obtained from EnergyPlus. The output from these simulations was in the
form of heat flux variations at the inner and outer wall and the temperatures of the different

components of the wall throughout the 24-hour cycle.

A typical residential wall is constructed with 2x4 studs spaced 16 inches on center. Additionally, there is
wood at the top and bottom of the wall as well as surrounding the window and door frames which yield

a total of 20-25% wood in the wall [29]. There are numerous combinations of the wall models possible
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with different numbers and locations of windows and doors and different wall heights. Thus, to simplify
the modeling process the wall geometry was built with 4x4 studs spaced 16-inch on center and this
yields 22% wood in the wall. It is important to note that the 4x4 studs are actually 3.5inches thick and
3.5 inches wide. The innermost layer of the wall is made up of gypsum, next, there is a layer of insulation
and stud, following which there is a layer of plywood and finally the outermost layer is stucco. The
construction of the wall is shown in Figure 2. The modeling domain is a wall section that is 24 inches tall

and 16 inches wide. The thicknesses of the different wall layers are:

e 12.7 mm (0.5 inch) gypsum drywall (inside surface)
e 88.9 mm (3.5 inches) wood (fir) studs and fiberglass insulation (if insulated)
e 12.7 mm (0.5 inch) plywood

e 22.2mm (0.875 inch) stucco (outside surface)

0.4064 m
Wood/Insulation Plywood

\ : |

Gypsum ~_| le— Stucco

Inside Outside

— 0.6096 m

Insulation Insulation

Figure 2. Typical wall construction in California

Wall Material Properties

To accurately calculate the heat flux at the inner and outer wall under different temperature boundary
conditions it is necessary to obtain reliable material properties. The properties of stucco and gypsum

drywall were obtained from a building reference model published by the Department of Energy [30].
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The properties of plywood were obtained from Engineering Equation Solver (EES, F-Chart Inc.). The stud

is typically made up of fir wood and thus, properties of fir wood used in wall framing are obtained from

an Oak Ridge National Lab (ORNL) study on thermal properties of common woods used in construction

[31].

The insulation used in the model is fiberglass insulation with an R-value of 15 (°Ffthr/BTU) or 2.64

(m2K/W) in the 88.9 mm deep insulation section was modeled at the minimum specified installation

density [32]. The thermal conductivity was calculated from the R-value. The mass weighted approach

was used for calculating the specific heat capacity for the fiberglass insulation and air combination. The

material properties for all the wall materials are summarized in Table 2.

Table 2. Thermophysical properties of material used in typical construction wall

Material Name | Density (kg/m3) | Specific Heat Capacity (J/kg- Thermal Conductivity (W/m-K)
K)

Gypsum 640 1130 0.16

Fir Wood 510 1700 0.14

Insulation 37 811 0.0337

Plywood 545 1215 0.12

Stucco 1866 879 0.72

Boundary Conditions

The complete wall section had 6 outer surfaces on which different boundary conditions were imposed

as shown in Figure 3:

Surfaces 1 and 2: Insulated boundary conditions imposed on them ensure no heat in the

simulation was lost laterally, which reflects the insulated conditions from the laboratory test plan.

e Surfaces 3 and 4: Symmetry condition imposed which simulates the remainder of the wall since
only the quarter wall was modeled.

e Surface 5: Inside wall surface with temperature versus time boundary condition.

e Surface 6: Outside wall surface with temperature versus time boundary condition.
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Figure 3. Boundary conditions imposed on different wall surfaces

An example of the typical inner wall and outer wall temperature profiles are provided in Figure 4.

Temperature (K)

315.00

310.00

305.00

300.00

295.00

290.00

285.00

280.00

275.00

0
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Time (sec) —@— Inner Wall —@— Outer Wall

Figure 4. Temperature profiles imposed on inner and outer wall surfaces
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At time 0 seconds it is midnight and the temperature profiles depicted in Figure 4 belong to a typical

winter day.

Initial Conditions and Simulation Time

The transient simulation was significantly influenced by the initial condition. Therefore, it was important
to choose an appropriate initial condition or to run the 24 h temperature profile multiple times until the
heat flux profile between consecutive days was repeated. The identical heat flux profiles ensure that the
simulation results were independent of the initial condition and depicted what happens when the wall
was exposed to such conditions. The simulations were repeated for identical days to reduce the impact
of initial conditions. The results showed that the heat flux profiles of days 2 and 3 were the same and thus,

were independent of initial conditions.

Solver Settings and Mesh Quality

ANSYS Fluent is a finite-volume-based simulation software. The No PCM model wall materials were all
solid and hence there was no need to solve the mass and momentum equations. Only a solution to the
energy equation was required. In the case when the PCM was modeled using the Solidification/ Melting
module in ANSYS Fluent the mass and momentum equations were solved. PCM 1 was modeled as a solid
layer (since the PCM is inside the solid matrix) and the solution of the energy equation was sufficient in
this case. For PCM 2 the Solidification/ Melting module in ANSYS Fluent was turned ON, the PCM was
treated as a liquid or solid based on its temperature and hence the mass and momentum equations were
solved as well. The Solidification/ Melting module uses the enthalpy formulation method to track the
location of the melting front. This case involved significantly more amount of computational power and
time because of the need to solve the mass and momentum equations as well. The SIMPLE scheme was

used for pressure-velocity coupling.
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A second-order implicit scheme was used for the transient formulation. The use of an implicit scheme
ensures there was no possibility of the calculations becoming unstable and this also provided greater
flexibility in selecting the time step size. The time step used in these simulations was 300 seconds and

the solutions were recorded after every two -time steps.

The stud has a much higher thermal conductivity as compared to the insulation and thus, has a much
higher heat flux passing through it. To account for this higher heat flux density the mesh had a higher
number of elements around the stud as opposed to the insulation as shown in Figure 5 which had no
PCM layer. For the No PCM case, there was no additional layer of PCM on the inside surface next to the
gypsum drywall layer. The PCM cases had PCM layers of different thicknesses and the meshing of these
PCM layer followed a similar trend with more elements close to the stud but had higher element density
across the PCM thickness as compared to the other materials. The total number of elements in the mesh
were 5832000, maximum skewness of the mesh was 0.214, and average skewness was 0.00214. The

mesh used was structured and non-uniform.

13 [E3

Mesh Top View Mesh Side Near Top Edge

Figure 5. Mesh generated for full wall
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No PCM Cases (Baseline Cases): Full Wall Results

The No PCM case represents the full wall with no PCM embedded in it at any location. This case was
important to understand how the wall behaves without the PCM under the boundary conditions of
different representative days. This case served as a baseline for comparison of the difference with PCM
cases against the no PCM case. It helped assess the effectiveness of the proposed PCM solution in

reducing energy consumption.

Figure 6 represents the heat flux at the inner wall surface in this case gypsum drywall throughout the
24-hour cycle under typical Winter conditions imposed by the Winter representative day. Similarly,
Figure 7 represents the heat flux at the outer wall surface, in this case, stucco. At 0 hours in these
graphs, the time is 12 midnight, and thus, during the first few hours, it is nighttime. The sign convention
is such that positive heat flux indicates heat entering the wall surface and negative heat flux represents
heat leaving the wall surface. Thus, positive heat flux on the inner wall surface represents heat traveling
from inside the house to the inner wall surface, and negative heat flux represents heat traveling from
the inner wall surface to inside the house. Similarly, positive heat flux on the outer wall surface
represents heat traveling from the outside to the outer wall surface and negative heat flux represents
heat traveling from the outer wall surface to outside the house. The heat flux values plotted in these

graphs are area-weighted average heat flux values.

For the first 7.5 hours, the heat flux on the outer wall surface is negative indicating that the house is
losing heat to the outside and this, is expected as the house is warmer than the outside. Similarly, for
the first 10 hours, the heat flux on the inner wall surface is positive which indicates that heat is traveling
from inside the house to the walls. As the radiation from the sun starts heating up the outer wall surface
the heat reverses its direction and the heat from outside starts traveling into the house and this

continues from 7.5 hours to 14.5 hours with the peak occurring at 12.5 hours. At the inner wall surface,

21



the heat flux is fairly constant positive value for the first 10 hours, indicating that heat flows into the
inner wall from the house. The heat flux starts reducing in magnitude beyond 10 hours and changes
direction 14.5 hours. The change in direction indicates that beyond 14.5 hours and until 20 hours the
inner wall surface rejects heat into the house. This rejection of heat starts at 14.5 hours and this
corresponds to when the heat flux on the outer wall surface changes direction. Beyond 20 hours the
inner wall surface starts receiving heat from inside the house and this continues till the end of the 24-

hour cycle.

10.00
8.00
6.00
4.00
2.00

0.00
25

Heat Flux (W/m?)

-2.00

-4.00

-6.00

-8.00

-10.00

Time (hr) —@— EnergyPlus —@— Fluent Full Wall

Figure 6. Heat flux 24-hour profile at inner wall surface for Winter day on full wall with no PCM

22



150.00

100.00
E  50.00
~
=
x
=
[N
+—
$ o000 ~ /V/

049 50— 10 15 20 25
//\/v
o oo
-50.00 ’/
-100.00

Time (hr) —@— EnergyPlus Fluent Full Wall

Figure 7. Heat flux 24-hour profile at outer wall surface for Winter day on full wall with no PCM

Comparing the heat flux values between the EnergyPlus model and the ANSYS Fluent model, it is evident
that the agreement between the two is stronger for the outer wall as compared to the inner wall. This
difference exists because of the way the EnergyPlus domain is setup. The layer that contains the stud
and insulation has vertical sections of stud in between the insulation and this type of wall construction
cannot be built in EnergyPlus. EnergyPlus can only build and simulate single material layers. Thus, the
thermophysical properties of stud and insulation were mass-weighted to develop the properties of the
single-layer which acted as a blend of the insulation and stud. This difference in the physical domain
gives rise to the difference in the heat flux profile. In ANSYS Fluent the material layers can be broken
into as many elements as the user decides but this flexibility is not available in EnergyPlus. In EnergyPlus

each layer has only one interior node and this was another difference in the two modeling approaches.
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It was estimated that adding the PCM layer to the models can affect their agreement and thus, the

domain used in ANSYS Fluent was changed to match that of EnergyPlus.

ANSYS Fluent Blended Wall Model

For the cases, where PCM is applied on the inner wall surface and for the No PCM case the stud and
insulation were merged into one single layer with mass-weighted thermophysical properties. The
properties of the insulation + stud layer are given in Table 3. This modified wall domain will be referred
to as the blended wall and the original wall domain will be referred to as the complete wall in the report
hereafter. The blended wall domain exactly matches the simulation domain used in EnergyPlus and thus,
it was expected that the ANSYS Fluent with blended wall and EnergyPlus will show a better agreement

of the heat fluxes.

Table 3. Thermophysical properties of mass-averaged blended layer

Density Specific Heat Capacity Thermal Conductivity
140.5 kg/m? 1517 J/kg-K 0.056 W/m-K

Figure 8 shows the Fluent Blended Wall. The total number of elements in this new mesh was 475000,
maximum skewness of the mesh was 2.14 x 103, and average skewness of the mesh was 2.14 x 10“. The
mesh used was structured and non-uniform. The material properties of the other materials, boundary
conditions, solver settings, initial conditions, and simulation time were all exactly same as the Full Wall

model.
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Figure 8. Blended wall model

Result Comparison: EnergyPlus, ANSYS Fluent Complete Wall and ANSYS Fluent Blended Wall

To better understand the impact of the blended wall domain the baseline cases for Summer day and
Shoulder day were simulated using both the complete wall and blended wall. Figure 9, Figure 10, Figure
11, Figure 12, Figure 13, and Figure 14 show the comparison between heat flux profiles of the
EnergyPlus model, the ANSYS Fluent complete wall model, and the ANSYS Fluent blended wall model

under the three different representative day boundary conditions.
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Figure 9. Comparison of heat flux 24-hour profiles at inner wall surface of full wall and blended wall for Winter day
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Figure 10. Comparison of heat flux 24-hour profiles at outer wall surface of full wall and blended wall for Winter day
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Figure 12 shows that the heat flux on the outer wall surface on the Summer day is negative from 0 hours
to 5 hours and this indicates that the heat is going outside the house as the outside is cooler than the
house and its walls. Similarly, the heat flux on the inner wall surface is positive and is increasing at a
steady rate from 0 hours to 5 hours as shown in Figure 11. At the outer wall, the heat flux changes
direction and the heat starts entering the outer wall surface as the solar radiations start picking up and it
remains positive till 15 hours with the peak heat flux occurring at 10.5 hours. From 5 hours to 11.5 hours
the inner wall surface continues to receive heat from inside the house but beyond 11.5 hours the heat
flux at the inner wall changes directions and the house starts heating up from the radiation outside. This

rejection of heat into the house continues until midnight.
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Figure 11. Comparison of heat flux 24-hour profiles at inner wall surface of full wall and blended wall for Summer day
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Figure 12. Comparison of heat flux 24-hour profiles at outer wall surface of full wall and blended wall for Summer day

Figure 14 shows that between 0 hours to 5 hours the outer wall surface is losing heat to the outside as
the outside is cooler than the walls and the house on a Shoulder day. At the inner wall surface, heat flux
is positive indicating that the heat is entering the surface from inside the house as shown in Figure 13.
Solar radiation starts building up after sunrise and this is observed by the change in direction of the
outer wall surface heat flux occurring at 6.5 hours and remains positive until 11.5 hours with the peak
occurring at 9.5 hours. Between 5 hours and 10 hours the heat flux at the inner wall surface increases
and then decreases until it changes direction at 12.5 hours. Between 12.5 hours and 17.5 hours, the
inner wall surface heat flux is negative indicating that the heat is entering the house. Beyond 17.5 hours

the heat flux changes direction again and this trend is similar to what is observed on the Winter day.
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Figure 13. Comparison of heat flux 24-hour profiles at inner wall surface of full wall and blended wall for Shoulder day
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Figure 14. Comparison of heat flux 24-hour profiles at outer wall surface of full wall and blended wall for Shoulder day
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Analyzing the figures it is evident that the Fluent Blended Wall model does indeed agree much better
with the EnergyPlus model than the Fluent Complete Wall model. This is reflected in the mean average
error which is 0.097 W/m? between the EnergyPlus model and the Fluent Blended Wall model and this is
much lower than the average mean error between the EnergyPlus model and the Fluent Complete Wall
model which is 0.65 W/m? for the Winter day at the inner wall surface. This trend is observed in the
representative days of Summer and Shoulder as well at both the inner wall and outer wall. The
difference between the behaviors of the Fluent Complete Wall model and the Fluent Blended Wall
model is visible from 15 hours to 20 hours on the inner wall surface for the Winter day, 15 hours to 20
hours on the inner wall surface of the Summer day, and 11.5 hours to 16.5 hours on the inner wall
surface of the Shoulder day. Even though there are differences in the magnitude of the heat flux
between the three different models the times at which the peaks occur and the direction of the heat

flux changes are well aligned.

Thus, the better agreement of the ANSYS Fluent Block Wall model with the EnergyPlus model meant
that, henceforth, all the models with PCM attached to the inner wall were simulated with a block wall

geometry with an appropriate PCM layer on the inner side.

Block Wall No PCM with Inner Wall Convective Boundary Condition

It was decided that moving forward the Fluent Block Wall will be used for PCM 1 and PCM 2 simulations
where the PCM was applied to the inner wall. For PCM 1 cases, the temperature profile boundary
conditions were applied at both the walls and these were generated using EnergyPlus. But for the cases
with PCM 2 there were no EnergyPlus generated temperature profiles that could be used as a boundary
condition. Thus, for modeling PCM 2 the outer walls used the temperature profile boundary condition

obtained from the No PCM cases of the corresponding representative day. This was done because it was
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observed that for the No PCM case and the different PCM 1 cases the temperature profiles for the outer
wall were almost the same with no significant changes caused by the presence or absence of the PCM.
The inner wall boundary condition used for PCM 2 cases was a convective boundary condition. This
meant that additional Fluent Block Wall with No PCM models had to be developed using an inner wall
convective boundary condition as well. These models helped in better comparing the performance of
PCM 2 cases with the No PCM cases as they had the exact same boundary conditions as the PCM 2

cases.

The Fluent Block Wall with No PCM and inner wall convective boundary condition had the exact same
modeling domain, mesh, solver settings, material properties, and outer wall boundary condition as the
Fluent Block Wall with No PCM and temperature boundary conditions at both walls. The only change

was the inner wall boundary condition was changed to a convective boundary condition.

Setting the inner wall boundary conditions to convective boundary condition required two inputs the
convection heat transfer coefficient (h. in W/m?K) and the free stream temperature (To, ingoor in K).
The convective heat transfer coefficient was determined using the mixed and forced convection model
for ceiling diffuser configurations that gave different relations for the convective heat transfer
coefficient at the ceilings, walls, and floor based on the empirical correlation developed by [33]. The

correlation for used for the walls was:

h, = 1.208 + 1.012 «* ACH®6%*

where, ACH stands for air changes per hour. AHSRAE recommends that homes receive 0.35 ACH but not
less than 15 cubic feet of air per minute per person as the minimum ventilation rate in residential
buildings. Thus, the ACH was set equal to 0.35 and the corresponding convective heat transfer
coefficient for the walls with ceiling diffuser configurations is 1.744 W/m?K. The free stream

temperature was the other input that was needed for the convective boundary condition. The free
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stream temperature was set to 19.5°C for Winter representative days and 25.5°C for Summer

representative days.

Results with Inner Wall Convective Boundary Condition during Winter and Summer

Figure 15 shows the temperature profile of the inner wall surface during the Winter representative day.
Between 0 hours to 10 hours the temperature gradually drops from 291K to 290K at 7.5 hours and
remains constant until it reaches 10 hours. The outer wall heat flux in this case follows the exact same
trends as seen in Figure 10. Sunrise occurs at around 7.3 hours and the outer wall temperature starts
increasing rapidly and the effect reaches the inner wall surface at 10 hours. Between 10 hours and 16.8
hours the temperature of the inner wall surface increases to 294.5K and then drops steadily to 291K at

24 hours as seen in Figure 15.

Figure 16 shows the inner wall surface heat flux profile during the Winter representative day. Between 0
hours and 10 hours the heat flux rises steadily from 3 W/m? to 4.6 W/m? which means that during the
heat iflows from the inside the house into the walls. Both Figure 15 and Figure 16 show sudden changes
occurring 10 hours and this is due the impact of the solar radiation reaching the inner wall surface.
Between 10 hours and 14.5 hours the heat flux changes from 4.6 W/m?2to -0.12 W/m? and this indicates
that during this time the amount of heat leaving the inside of house reduces. At 14.5 hours the heat flux
has changed direction and now the heat is traveling from the walls into the house. Between 14.5 hours
and 20.5 hours the heat flux is entering the house and the goal is to maximize this period with the use of
PCMs. Another goal of using the PCMs is increasing the amount of heat traveling from outside to inside
so that the heaters do not need to be turned ON during these times. Beyond 20.5 hours the heat flux

becomes positive again and the heat travels from inside the house into the walls.
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Figure 15. 24-hour temperature profile at inner wall surface on a typical Winter day with inner wall convective boundary
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Figure 16. 24-hour heat flux profile at inner wall surface on a typical Winter day with inner wall convective boundary condition
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Figure 17 shows the inner wall surface temperature profile during a representative Summer day.
Between 0 hours and 8.5 hours the temperature drops from 299.3K to 296.4K. At 8.5 hours the
temperature starts increasing and this is the effect of sunrise reaching the inner wall surface. Between
8.5 hours and 17.5 hours the inner wall surface temperature increases at a constant rate to 302K and
this corresponds to the heat gained from the solar radiation traveling through the wall. Beyond 17.5
hours the temperature again starts dropping and reaches 299K at 24 hours. The trend is similar to what

is seen during a representative Winter day but magnitudes of temperature fluctuation are different.

The heat flux on the outer wall surface during a representative Summer day is with the inner wall
convective boundary condition is exactly the same as Figure 12. Figure 18 shows the inner wall surface
heat flux profile during a representative Summer day. Between 0 hours and 1.5 hours the heat flux is
negative and this indicates that the heat is entering the house from the walls. Between 1.5 hours to 8.5
hours the heat flux is positive and increasing indicating that heat from inside the house is entering the
walls and beyond 8.5 hours the heat flux is still positive but now is decreasing in magnitude. At 8.5 hours
the heat flux starts decreasing and the inner wall surface temperature starts increasing at the same
time. Between 8.5 hours and 12 hours the heat flux is decreasing in magnitude. Between 12 hours to
18.5 hours the heat is negative and increasing in magnitude indicating that during this time more and
more heat is entering the house from the walls. Beyond 18.5 hours to 24 hours the heat is still entering
the house but the amount of heat entering is reducing with time. The goal of adding PCMs to the house
in Summer is reducing the heat rejection into the house so that the cooler is turned for a less hours and

less energy is expended in cooling.
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Figure 17. 24-hour temperature profile at inner wall surface on a typical Summer day with inner wall convective boundary
condition
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Figure 18. 24-hour heat flux profile at inner wall surface on a typical Summer day with inner wall convective boundary condition
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Chapter 4: PCM 1 Simulations

PCM 1 Background

PCM 1 is a spackle-type product that can be applied to the inside wall surface in different thicknesses
with the maximum thickness being limited to 9mm. PCM 1 consists of 53% of PCM that is encapsulated
inside the spackle and when this mixture is applied over the wall surface it dries as a solid layer. The
PCM is well-retained inside the spackle and thus, the PCM 1 product holds its form even when the
encapsulated PCM is melted. The density and thermal conductivity specific heat capacity of PCM 1 were
available for modeling as shown in Table 4. The specific heat capacity variation with temperature was
available but no information of PCM 1’s viscosity was available. Thus, PCM 1 was modeled as a solid with
varying heat capacity. This approach allowed accounting for the absorption and release of energy

during the melting and solidification processes.

Table 4. Thermophysical properties of PCM 1

Thermophysical Property Temperature Range Value
Density (kg/m?3) 273.15K-400K 970
Thermal Conductivity (W/mK) 273.15K-400K 0.1

The specific heat capacity vs. temperature curve was provided by the manufacturer as shown in Figure
19. The melting region consists of two peaks and the range of this region is approximately from 280K
(6.85°C) to 300K (26.85°C). The two peaks indicate that PCM 1 contains a blend of 2 different PCM
materials and this contributes to the width of the melting region. The width of the melting region for
PCM 1 is significantly larger than PCM 2 for which the melting range is from 294.15K (21°C) to 295.95K
(21.8°C). This large melting range meant that it needed PCM 1 temperature to increase or decrease by
20K (20 °C) in a single 24-hour cycle and this was challenging considering the small temperature range in
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which the inner wall surface temperature varied for the No PCM cases. Another observation that can be
made is the difference in the magnitude of the two peaks indicate that the 2 PCMs blended have

different latent heats of fusion.
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Figure 19. Specific heat versus temperature curve for PCM 1

Modeling Approach for PCM 1

Based on the limitations of ANSYS Fluent in assigning material properties and to accurately capture the
variation of the specific heat capacity with temperature a user-defined function (UDF) was used to
model the specific heat capacity of PCM 1. Initially, the curve was broken into 8 smaller curves using the
6th order polynomial interpolation and the equation for each curve was obtained by using MS-Excel.
These equations were then assembled to recreate the specific heat capacity vs. temperature curve of

PCM 1 using a simple code in C to generate the UDF. The results from the simulation using this UDF
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showed unrealistic PCM 1 behavior. ANSYS Fluent rounds of the coefficients of the 6th order polynomial
to 7 significant digits. This round-off error limits the ability of the UDF to replicate the specific heat
capacity vs. temperature curve. Thus, the curve was broken into 17 smaller curves using 2nd order
polynomials. While creating the smaller curves it was ensured that the coefficients when rounded off to
7 significant digits will not cause large round-off errors. The UDF generated with equations from the 2nd
order polynomial combined accurately captured the behavior in ANSYS Fluent and this was reflected in

the realistic behavior of the PCM 1. Table 5 shows the different temperature ranges in which the curve is

broken into and the 2nd order polynomial or linear equations for each curve. For temperatures above

and below the range in Table 5 the specific heat capacity of PCM 1 has a constant value of 1825 J/kgK.

Table 5. Specific heat equation for different temperature ranges for PCM 1

Range (K)

Equation (J/kgK)

270.031 -272.944

Cp=1.85455*(T"2) - 963.4818*(T) + 126716.6

273.027 - 274.942

Cp=-8.7484*(TA2) + 4819.147*(T) - 661719.7

275.026 - 275.942

Cp=8.38721%(TA2) - 4623.529*(T) + 639134.5

276.025 - 280.931

Cp=10.3844*(T2)-5698.913*(T)+783803

281.014 - 285.98

Cp=31.37585*%(TA2) - 17510.48*(T) + 2445373

286.062 - 287.928

Cp=363.4688*(TA2) - 207497.3*(T) + (2.961781*(1017))

288.008 - 288.638

Cp=2516.566*(T) - 718618.2

288.717 - 289.555

Cp=-2929.693*(T"2) + 1693904 *(T) - (2.448392*(10"8))

289.645 - 290.698

Cp=1522.384*(A2/2) - 885740.9%(A2) + (1.288386*(1078))

290.783 -292.272

Cp=385.4055*(T"2) - 224423.6*(T) + (3.267569*(10"7))

292.354 - 295.957

Cp=297.8632*(T"2) - 173622.9*(A2) + (2.530626*(10/7))

296.035 - 296.802

Cp=3482.385*(T) — 1019278

296.879 - 297.464

Cp=-6644.557*(T"2) + 3948950*(T) - (5.867135*(10"8))

297.557 - 298.097

Cp=-7307.384%(TA2) + 4343271%(T) - (6.453597*(108))

298.215 - 298.635

Cp=8168.112*(TA2)-4883675*(T)+(7.299846*(1078))

298.73 - 299.432

Cp=2529.154*(TA2) - 1514824*(T) + (2.268262*(1078))

299.517 - 300.104

Cp=329.9978*(TA2) - 198138.7*(T) + (2.97437*(107))

The amount of PCM applied on the inner wall surface plays a significant role in maximizing the energy

savings and affects the cost of retrofitting. If the PCM applied on the inner wall surface is less than the
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optimal amount then the energy absorbed by the PCM layer will also be less and thus, the effectivity of
PCM in reducing energy consumption will be lowered. To better understand the impact of the PCM 1
guantity on energy savings and cost of retrofitting three different cases with 3mm, 6mm, and 9mm thick

PCM 1 layers were simulated, and their performance was compared.

Modeling Domain

The modeling domain for the PCM 1 simulations was exactly like the Blended Wall model for the No
PCM cases but with an additional layer of PCM 1 on top of the gypsum layer. The PCM 1 layer had
different thickness of 3 mm, 6mm, or 9 mm depending on case being run. Figure 20 shows cross

sectional view Blended Wall model for PCM 1.

Wall Material Properties

The thermophysical properties of gypsum, stucco, and plywood are given in Table 2. The thermophysical
properties of the blended layer are calculated based on the mass-weighted thermophysical properties of
the insulation and the stud and are given in Table 3. The density and thermal conductivity of PCM 1 are
provided in Table 4 and the specific heat capacity variation with temperature is captured using the UDF

and the details of it are provided in Table 5.

Boundary Conditions

The boundary conditions applied on the PCM 2 cases were exactly like the boundary conditions imposed

on the No PCM cases. As shown in Figure 3, the insulated boundary condition was imposed on Surfaces
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1 and 2, the symmetry boundary condition was imposed on Surfaces 3 and 4, Inner Wall surface
temperature profile obtained from EnergyPlus on Surface 5, and Outer Wall surface temperature profile
obtained from EnergyPlus on Surface 6. The only difference was that the profiles obtained from
EnergyPlus for the PCM 1 cases were different than the No PCM cases. Additionally, there were slight

differences in the temperature profiles of the 3mm, 6mm, and 9mm PCM 1 cases.

/ Blended

Gypsum Layer- Stud Stucco
+ Insulation
el Plywood

Figure 20. Blended wall model with PCM 1 layer next to Gypsum layer

Initial Conditions and Simulation Time

The initial conditions and simulation time for the PCM 1 cases were exactly like the No PCM cases. The

24-hour temperature profiles are run consecutively for 3 days. The identical heat flux profiles of day 2
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and day 3 that obtained as an output were used to ensure that the simulation results were independent

of the initial condition.

Solver Settings and Mesh Quality

The SIMPLE scheme was used for pressure-velocity coupling. A second-order implicit scheme was used
for the transient formulation. The use of an implicit scheme ensured there is no possibility of the
calculations becoming unstable and this also provided greater flexibility in selecting the time step size.
The time step used in these simulations was 300 seconds and the solutions were recorded after every 2-
time steps. The total number of elements in the mesh was 462500, maximum skewness of the mesh was

1.3 x 10%%, and average skewness of the mesh was 1.3 x 10°%°,

PCM 1 Winter Results

Based on the conclusions drawn in the previous section regarding the differences between the Fluent
Blended Wall and the Fluent Complete Wall the simulations henceforth with the PCM located at the

inner surface were carried out using the Fluent Blended Wall geometry.

Figure 21 and Figure 22 show the surface temperature boundary conditions applied to the Fluent
Blended Wall model, based on EnergyPlus simulations of a typical winter day in Climate Zone 9 in
California. Figure 21 shows the different inner wall surface temperatures throughout 24-hours for a
typical Winter day. It can be observed that the maximum temperature and minimum temperature at
this location occurs with the No PCM case. This is expected as adding the PCM layer adds to the thermal
mass of the wall section. The PCM 1 3mm case shows the highest diurnal temperature variation

amongst the PCM cases and the PCM 1 9mm case shows the lowest temperature variation amongst the
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PCM cases. This too can be explained using the argument of added thermal mass. The temperature of
PCM 1 varies from 291K to 293.5K at the inner wall surface in the Winter day simulations. As PCM 1 has
a wide melting range the effect of latent heat cannot be observed clearly as a plateau in temperature of
the inner wall. The time at which the highest temperature at the inner wall surface occurs is shifted
from 15.5 hours in the No PCM case to 17.5 hours in the PCM 1 9mm case. Figure 22 shows the different
outer wall surface temperatures throughout 24-hours for a typical Winter day. It can be observed that
the outer wall surface temperature is the same for all the cases. The outer wall temperature starts to
increase at the 8.5-hour mark and the rate of increase becomes steeper after the 10-hour mark. The

effect of this is observed at the inner wall surface temperature.
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Figure 21. Comparison of inner wall surface temperature profiles for No PCM, 3mm PCM 1 layer, 6mm PCM 1 layer, and 9mm
PCM 1 layer for a Winter day
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Figure 22. Comparison of outer wall surface temperature profiles for No PCM, 3mm PCM 1 layer, 6mm PCM 1 layer, and 9mm
PCM 1 layer for a Winter day

The temperature at the inner wall surface for the PCM cases ranges between 291K and 293.5K. Although
this is not the mass averaged temperature of PCM 1 it gives an approximate understanding of how the
specific heat capacity varies during these simulations. Between 290K and 295K the specific heat capacity
of PCM 1 varies approximately from 4900 J/kgK to 8000 J/kgK as seen in Figure 19. The change in specific
heat capacity in this range is not significant enough to have a strong impact on the heat transfer

characteristics of the wall and this can be observed from the heat flux profiles of the inner wall .

Figure 23 shows the heat flux profiles at the inner wall surface over the 24-hour duration for a typical
Winter day. From 0 hours to 10 hours the heat flux does not change very much and lies in the 4-6 W/m?2.
During this time the heat flux of the different PCM 1 cases and the No PCM case is almost the same.
Between 10-14 hours the heat flux is highest for the No PCM case and reduces in magnitude as the PCM
guantity increases. This indicates that the addition of the PCM reduces the heat flux leaving the house

and this heat is stored in the PCM. The decrease in the heat flux at the inner wall surface occurs at the
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same time as the outer wall temperature starts to rapidly increase. Between 14.5-20 hours the heat flux
changes direction and the heat starts entering the house from the outside and thus, the heat flux at the
inner wall surface is negative. Between 15-20 hours the magnitude of heat flux differs between the No
PCM and different PCM cases. With the highest heat flux occurring in the No PCM case and the lowest
heat flux occurring in the PCM 1 9 mm case. The cumulative heat flux over the 24 hour period to the
inner wall surface from inside the house is 196,478.9 J/m? for the No PCM case, 193,084 J/m? for the
PCM 1 3mm case, 189,917 J/m? for the PCM 1 6mm case, and 186,813 J/m? for the PCM 1 9mm case.
These values show that adding PCM has very minor impacts (< 2% reduction in heat flux) on the heat
entering the inner wall surface from inside the house. PCM 1 shows the difference in the heat flux
profiles only from 10-20 hours and the differences in magnitude at each time are also very small. The
time at which the changes in direction of the heat flux occurs are also closely aligned and thus, adding
PCM 1 does not make a huge difference in this climate zone in winter. Figure 24 shows the heat flux
profiles at the outer wall surface over the 24-hour duration for a typical Winter day. The heat flux
profiles exactly overlap each other and thus, no effect of adding PCM 1 is observed at the outer wall
surface. It is important to observe that the magnitudes of the heat fluxes at the inner wall surface and

outer wall surface differ significantly.
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Figure 23. Comparison of inner wall surface heat flux profiles for No PCM, 3mm PCM 1 layer, 6mm PCM 1 layer, and 9mm PCM
1 layer for a Winter day
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Figure 24. Comparison of outer wall surface heat flux profiles for No PCM, 3mm PCM 1 layer, 6mm PCM 1 layer, and 9mm PCM
1 layer for a Winter day

PCM 1 Summer Results

Figure 25 shows the different inner wall surface temperatures throughout 24-hours for a typical
Summer day obtained from EnergyPlus simulations. As expected, the temperature range for a typical
Summer day is much higher than the Winter day and this impacts the behavior of PCM 1. Similar to the
Winter day the maximum variations in temperature are observed for the No PCM case and the
variations reduce in magnitude as the quantity of PCM at the inner wall surface increases. This can be
explained as the effect of increase the thermal mass of the wall. At the inner wall surface, PCM 1
temperature varies approximately from 298K to 301.5K. This consists of only a small portion of the
melting range of PCM 1 and thus, the effect of the latent heat cannot be significantly observed in these
simulations. Figure 26shows the different outer wall surface temperatures throughout 24-hours for a

typical Summer day. The outer wall temperature profile exactly overlaps each other. For the No PCM
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case the inner wall temperature decreases sharply up to the 5.5-hour mark and after this, it increases
strongly. This corresponds to the sudden increase in the outer wall surface temperature occurring

beyond the 5-hour mark.
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Figure 25. Comparison of inner wall surface temperature profiles for No PCM, 3mm PCM 1 layer, 6mm PCM 1 layer, and 9mm
PCM 1 layer for a Summer day
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Figure 26. Comparison of outer wall surface temperature profiles for No PCM, 3mm PCM 1 layer, 6mm PCM 1 layer, and 9mm
PCM 1 layer for a Summer day

The inner wall surface temperature varies from 298 K to 301.5 K. Although this is not the mass averaged
temperature of PCM1, it gives an approximate understanding of the temperature range within which
the PCM 1 temperature varies during the 24-hour cycle. Between 298 K and 301.5 K the specific heat
capacity of PCM 1 goes from approximately 10,500 J/kg-K to 2,000 J/kg-K as seen in Figure 19. It is worth
noting that between 298K and 299K the specific heat capacity reduces from 10500J/kgK to 2500J/kgK
and this indicates that the specific heat capacity hardly varies between 299K and 301.5K. This variation is
greater than in the Winter day but still not strong enough to significantly alter the heat transfer
characteristics of the wall. The maximum temperature difference between the No PCM and the PCM 1
9mm case occurs at the 5.5-hour mark and this temperature corresponds to the highest specific heat
capacity of PCM 1. The temperatures at other times have a smaller difference and this can be explained

using the lower specific heat capacity of PCM 1.
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Figure 27 shows the heat flux profiles at the inner wall surface over the 24-hour duration for a typical
Summer day. From 0 hours to 2.5 hours and from 19.5 hours to 23.5 hours the heat flux at the inner wall
surfaces are clustered very close to each other and during these times no effect of adding PCM 1 can be
noticed in the heat flux profiles. From 6.5 hours to 18.5 hours the behavior of the No PCM case and the
different PCM cases is different. With the No PCM case showing the highest heat flux values and the
PCM 1 9mm case showing the lowest heat flux values between 6.5 hours and 9.5 hours and between
13.5 hours and 18.5 hours. Even with the PCM 1 9mm case, the difference in the heat flux magnitudes is
not significant, and the time at which the heat flux changes direction also does not change by much. The
cumulative heat leaving the inner wall surface and entering the house -95,248 J/m? for the No PCM
case, -92,729 J/m? for the PCM 1 3mm case, -90,796 J/m? for the PCM 1 6mm case, and -88949 J/m? for
the PCM 1 9mm case. These values indicate that there is a drop of 6.7% in the cumulative heat leaving
the inner wall surface and entering the house in the PCM 1 9mm case compared to the No PCM case. .
Figure 28 shows the heat flux profiles at the outer wall surface over the 24-hour duration for a typical
Summer day. The heat flux profiles exactly overlap each other and thus, no effect of adding PCM 1 is

observed at the outer wall surface.
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Figure 27. Comparison of inner wall surface heat flux profiles for No PCM, 3mm PCM 1 layer, 6mm PCM 1 layer, and 9mm PCM 1
layer for a Summer day
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Figure 28. Comparison of outer wall surface heat flux profiles for No PCM, 3mm PCM 1 layer, 6mm PCM 1 layer, and 9mm PCM
1 layer for a Summer day

PCM 1 Shoulder Results

Figure 29 shows the different inner wall surface temperatures throughout 24-hours for a typical
Shoulder day. Between 0-6 hours the temperature at the inner wall surface decreases for all the cases
which are followed by an increase in the temperature up to 293.5 for the No PCM case and between
292.8K to 293.2K for the different PCM cases. This increase in temperature at the inner wall surface
corresponds to an increase at the outer wall surface layer occurring between 6.5-10.5 hours. The
maximum temperature fluctuation at the inner wall surface can be observed in the No PCM case and the
minimum temperature fluctuation at the same location can be observed in the PCM 1 9 mm case. These
trends are consistently seen in the Winter, Summer, and Shoulder days and can be explained using the
increase in the thermal mass of the wall section by the addition of PCM 1. The highest temperature at
the inner wall surface occurs at 13.5 hours in the No PCM case and shifts to 15.5 hours in the PCM 19

mm case. The temperature range of the inner wall surface temperature for the different PCM cases is
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from 291 K to 293.2 K. Figure 30 shows the different outer wall surface temperatures throughout 24-
hours for a typical Shoulder day. The temperature profiles of the outer wall surface temperature exactly

overlap each other and this is consistently observed in the other representative days as well.
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Figure 29. Comparison of inner wall surface temperature profiles for No PCM, 3mm PCM 1 layer, 6mm PCM 1 layer, and 9mm
PCM 1 layer for a Shoulder day
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Figure 30. Comparison of outer wall surface temperature profiles for No PCM, 3mm PCM 1 layer, 6mm PCM 1 layer, and 9mm
PCM 1 layer for a Shoulder day

The inner wall surface temperature for the different PCM cases varies between 291K and 293.5K. This is
not exactly the mass averaged temperature of PCM 1 but it gives an approximate understanding of the
temperature variations occurring within PCM 1 located at the inner wall. In this temperature range, the
specific heat capacity of PCM 1 varies from 4,900 J/kg-K to 6,200 J/kg-K as seen in Figure 19. This change
in the specific heat capacity is not strong enough to significantly affect the heat transfer characteristics

of the wall section and this can be observed in Figure 31.

Figure 31 shows the heat flux profiles at the inner wall surface over the 24-hour duration for a typical
Shoulder day. Between 0-6.5 hours and between 18.5-23.5 hours the heat fluxes at the different
instances in time are clustered together and no effect of adding PCM 1 can be observed at these times.
Starting at 7.5 hours the heat flux in the No PCM starts to rise rapidly than all the different PCM 1 cases.
Around 11.5 hours heat flux at the inner wall surface changes direction and between 11.5-16.5 hours

the heat flux is negative indicating that the heat is entering the house from the outside. Between 7.5-
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10.5 hours and between 13.5-16.5 hours the No PCM has the highest heat flux magnitude at the inner
wall surface and the PCM 1 9 mm case has the lowest heat flux magnitude at the inner wall surface.
Similar trends occurring at different times are observed during the Winter and Summer days as well. The
cumulative heat entering the inner wall surface from inside is 259,771 J/m? for the No PCM case,
255,848 J/m? for the PCM 1 3mm case, 252,222 J/m? for the PCM 1 6 mm case, and 249,102 J/m? for the
PCM 1 9 mm case. This very small change in the cumulative heat and no time shift occurring due to the
addition of PCM 1 shows that it has no significant impact on the wall heat transfer throughout the 24-
hours. Figure 32 shows the heat flux profiles at the outer wall surface over the 24-hour duration for a

typical Shoulder day and the heat flux profile of the different cases exactly overlap each other.
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Figure 31. Comparison of inner wall surface heat flux profiles for No PCM, 3mm PCM 1 layer, 6mm PCM 1 layer, and 9mm PCM 1
layer for a Shoulder day
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Figure 32. Comparison of outer wall surface heat flux profiles for No PCM, 3mm PCM 1 layer, 6mm PCM 1 layer, and 9mm PCM
1 layer for a Shoulder day

The different thicknesses of PCM 1 applied to the inner wall surface and their behavior under different
representative days has been analyzed. Before going in any further it is important to look at the inner
wall surface temperature ranges for the different representative days and overlap them with the PCM 1
specific heat versus temperature curve as shown below. For Winter the inner wall surface temperature
range is 291-293.6K and for Shoulder the inner wall surface temperature range is 290.9-239.5K. In this
temperature range, the specific heat reaches the trough at 4930 J/kgK and then increases to around
6700 J/kgK. Thus, there is not a huge change in the specific heat in these temperature ranges and thus,
adding PCM 1 shows no significant impact in Winter and Shoulder. For Summer the inner wall surface
temperature ranges from 297.8-301.6K and this corresponds to significant drop in the specific heat of
PCM 1. At 297.8K the specific heat of PCM 1 is around 12000 J/kgK and it rapidly drops to 1986 J/kgK at

299.6K. Between 299.6-301.6K the specific heat of PCM 1 remains almost constant. This steep gradient
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in the specific heat of PCM 1 in the Summer inner wall surface temperature range is beneficial in
reducing the energy consumption of cooling. Its impact is reflected by a 6.7% drop in the cumulative
heat leaving the inner wall surface and entering the house. From these observations it is clear that for
reducing energy consumption the specific heat of the PCM must significantly change in the temperature

range of a particular representative day.
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Figure 19. Specific heat versus temperature curve for PCM 1

EnergyPlus vs Fluent Results

The primary goal of trying to use PCM in the wall sections is reducing the energy consumption and this is
possible if the addition of PCMs causes desirable time shifts. For example, during the Winter months if
the heat flux at the inner wall surface remains negative till later in the day compared to the No PCM

case it signifies that heat from outside is entering the house. This means a delay in turning ON the

57



heater during the winter months. This delay indicates that the PCM was able to store energy when it
was heated during the day and then released this energy into the house keeping it warm during the

evening and night.

Unfortunately, no such delays were observed with the PCM 1 simulations carried out using ANSYS Fluent
for the Winter day. Figure 23,Figure 27, and Figure 31 show the inner wall surface heat flux profiles
obtained from EnergyPlus during the Winter day, Summer day, and Shoulder day respectively. These
profiles differ significantly from the ones obtained from ANSYS Fluent. From Figure 33, Figure 34, and
Figure 35 it is observed that the EnergyPlus profiles show the desired time delays occurring in each case
as well as impacts on the magnitudes of the heat fluxes at different instances in time. Thus, it was
necessary to carefully study the simulations and try to find out the reason for the disagreement
between the heat flux profiles at the inner wall surface between the EnergyPlus and ANSYS Fluent

results.

The EnergyPlus PCM model is known to show oscillatory behavior for coarse grids around the analytical
solution when the temperature of the PCM is suddenly increased [8]. To avoid this oscillatory behavior a

fine mesh is needed to properly simulate the propagation of heat through the PCM.

Assuming 1D heat diffusion with no source terms, for simplicity and integrating the governing equation

over the length of the control volume, leads to the following equation:

k(dT)— c (dT)A
ax) P \ar)

where k is the thermal conductivity, T is the temperature, p is the density, C,, is the specific heat

capacity, and Ax is the length of the control volume. This equation shows that:
aT aT
() < (5¢)
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For PCM 1 the modeling approach adopted was the solid PCM with Cp curve and thus, the Cp value of
the PCM was significantly higher than the other wall materials. Thus, when C,, changes drastically in a
given interval of time it will cause spatial temperature gradient to show a drastic change as well. Thus, a
mesh with poor resolution will not be able to accurately capture the temperature gradient within the

PCM and thus, there was a need for a finer mesh inside PCM 1.

Additionally, during these simulations, the PCM 1 was discretized with the default mesh in EnergyPlus
and thus, a study using a finer mesh was carried out. For this simulation, the PCM 1 6mm case was re-
run but with the 6mm PCM 1 layer being split into 6 1mm thick PCM 1 layers. The comparison of the

results of these cases was necessary to understand which of these simulations was generating reliable

results.
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Figure 33. Comparison of inner wall surface heat flux profiles obtained from EnergyPlus (E+) for No PCM, 3mm PCM 1 layer,
6mm PCM 1 layer, and 9mm PCM 1 layer for a Winter day
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Figure 34. Comparison of inner wall surface heat flux profiles obtained from EnergyPlus (E+) for No PCM, 3mm PCM 1 layer,
6mm PCM 1 layer, and 9mm PCM 1 layer for a Summer day
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Figure 35. Comparison of inner wall surface heat flux profiles obtained from EnergyPlus (E+) for No PCM, 3mm PCM 1 layer,
6mm PCM 1 layer, and 9mm PCM 1 layer for a Shoulder day

Comparison between PCM 1 6mm Case and PCM 1 6 x 1Imm Case

The results for the PCM 1 6mm case were already available for all three representative days but
additional simulations were run for the PCM 1 6x1mm case using both ANSYS Fluent and EnergyPlus.
The EnergyPlus model helped in the generation of temperature boundary conditions to be used for the
ANSYS Fluent model. It is important to know that no changes were made to the ANSYS Fluent model
except for changed boundary conditions obtained from EnergyPlus. Whereas the EnergyPlus had one
major change and it was the way PCM in the domain was modeled. In the previous simulations, the
6mm PCM 1 layer was one single layer with the default mesh but in the new model, the PCM 1 layer was
broken into 6 1mm layers with the default mesh. This leads to a higher mesh density inside the PCM 1

layer.
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The key differentiating feature that can be observed in the EnergyPlus results is the time shift that is
evident in the inner wall surface heat fluxes that cannot be seen in the ANSYS Fluent results. The inner
wall surface heat fluxes are clustered together for most of the day but show a slight difference in
magnitude at some times but no shift in time is evident. Figure 36, Figure 37, and Figure 38 show the
inner wall surface heat fluxes of the different EnergyPlus models under the conditions of the Winter day,
Summer day, and Shoulder day respectively. In Figure 36Figure 36 it can be observed that PCM 1 6x1mm
inner wall surface heat flux profile lies intermediately between the No PCM and PCM 1 6mm profiles.
The time shift between the No PCM case and the PCM 1 6x1mm case is smaller than the time shift
between the No PCM and the PCM 1 6mm case. The peak values of the heat fluxes of the PCM 1 6x1mm
case have also drifted towards the No PCM case. Figure 37 shows that the PCM 1 6x1mm case lies
intermediately between the No PCM and PCM 1 6mm case but this is observed only between the 5-10
hours. In the Summer case, the peak values are not affected and they are consistent in all the cases.
Figure 38 shows trends similar to that are observed during the Winter day and this can be attributed to

the similar temperature ranges of the Winter and Shoulder day.
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Figure 36. Comparison of inner wall surface heat flux profiles obtained from EnergyPlus (E+) for No PCM, 6mm PCM 1 layer, and
6 x Imm PCM 1 layers for a Winter day
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Figure 37. Comparison of inner wall surface heat flux profiles obtained from EnergyPlus (E+) for No PCM, 6mm PCM 1 layer, and
6 x Imm PCM 1 layers for a Summer day
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Figure 38. Comparison of inner wall surface heat flux profiles obtained from EnergyPlus (E+) for No PCM, 6mm PCM 1 layer, and
6 x Imm PCM 1 layers for a Shoulder day

From Figure 36, Figure 37, and Figure 38 it is evident that improving the mesh inside PCM 1 domain has
affected the results of EnergyPlus and shifted the inner wall surface heat flux behavior towards the No
PCM case. The ANSYS Fluent results already show that no time shift can be observed by using PCM 1.
Based on the inner wall surface heat flux profiles obtained from ANSYS Fluent for the No PCM case and
the different PCM cases there is only a slight change in magnitude with no change in times at which the
heat flux changes direction. The changes in the inner wall surface heat flux profile obtained from
EnergyPlus show that improving the mesh is beneficial for the model to obtain reliable results. Thus, it
can be concluded that the reason for the disagreement between the ANSYS Fluent and EnergyPlus

results is the poor mesh resolution in PCM 1 used in the EnergyPlus model.
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Chapter 5: PCM 2 Simulations

Difference between PCM 1 and PCM 2

As discussed in the previous chapter, PCM 1 is a spackle product and can be applied over the inner wall
surface in layers up to 9mm thickness. PCM 1 is not a pure PCM product but consists of approximately
53% PCM inside the spackle, which dries as a solid layer. Even when the melting of the PCM occurs it is
well-retained inside the spackle. Material properties of PCM 1 available are its density, thermal
conductivity, and specific heat capacity varying as a function of temperature for the PCM plus spackle
combination. This limits the modeling approach that can be used for PCM 1 as a solid with varying heat
capacity to account for the absorption or release of huge amounts of energy depending on the latent

heat of fusion.

PCM 2 is a PCM product where the salt-based PCM is encapsulated inside panels of a plastic material.
The microencapsulation provides structural integrity to PCM 2 when the salt-based PCM contained
inside goes through the solidification and melting cycles. PCM 2 is designed to have a total thickness of
6.3 mm when installed on the interior wall surface. The material properties of the salt-based PCM of
PCM 2 available are the density, thermal conductivity, specific heat capacity, and latent heat of fusion as
shown in Table 6. For reducing the computational effort and to minimize the complexities in the
geometry PCM 2 was modeled as a 6.3mm thick layer of pure PCM on the inner wall surface. This
simplification was possible because the plastic wall thickness is small and hence can be ignored. To
model this using the enthalpy porosity model, the viscosity value was needed to be known; however,
this property was unavailable from the manufacturer. Based on the assumption that PCM 2 is a CaCl,-

based PCM the order of magnitude of the viscosity can be estimated.

Table 6. Thermophysical Properties of PCM 2

Thermophysical Property Temperature Range Value

Density (kg/m3) 273.15K-400K 1550
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Specific Heat Capacity (J/kgK) 273.15K-400K 3140
Thermal Conductivity (W/mK) 273.15K-294.15K 1.09
(Solid)

Thermal Conductivity (W/mK) 294.95K-400K 0.54
(Liquid)

Latent Heat of Fusion (J/kg) 294.15K-294.95K 200000
Viscosity (assuming CaCl2 in 294.95K-400K 0.0059295
kg/ms)

Modeling Approach for PCM 2

The solid-liquid phase change problems with a moving boundary are typically more challenging than the
heat transfer problems because the position of the solid-liquid interface as a function of time is
unknown. The accurate prediction of the interface motion depends on the quantity and the location of
the material that has already melted or solidified by a certain instant in time and this gives the
information about the heat stored or released by the PCM [34]. The effective heat capacity approach
simplifies this problem to heat conduction and involves solving only the energy where the latent heat of

fusion is incorporated within the specific heat capacity over the melting range.

The enthalpy porosity method is widely used in PCM simulations because it does not require the explicit
tracking of the phase interface [34]. Additionally, the enthalpy porosity method can be used in cases
when melting or solidification occurs over a range of temperature. In the melting range, the PCM is a
combination of the solid PCM and liquid PCM where the liquid fraction is dependent on the
temperature. In this method, the energy conservation equation for constant thermophysical properties

is as follows [20]:

0(pH)
ot

+V.(pVH) = kV2T

where H is the total volumetric enthalpy, which is the sum of the sensible and latent heats:

H=h+AH
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where h is the sensible heat, p; is the liquid density, § is the liquid fraction, and Ly, is the latent heat of

fusion. The liquid fraction 8 is defined as:

0 if T< Tsolidus

qus T— Tsolidus
B = =N T —T. . if Tiiquiaus < T < Tsotidus
Tliquidus — Tsotidus liquidus solidus

1 if T> Tliquidus

The latent heat is given as follows:

AH = L

The system of equations for this problem is completed with the continuity and momentum equations
that are coupled with the energy equation above.

Continuity:

dp
E'i‘ V. (pV) =0

Momentum:

a(pV)
ot

+V.(pV) = —Vp +uV?V + pg + S

The term (S) indicates a momentum sink and is given by

§=-ABV

As the mushy zone is a combination of solid PCM and liquid PCM the flow of the liquid PCM is
obstructed by the solid PCM. This obstruction of the flow is represented by the momentum sink term
and thus, its value depends on the liquid fraction. When the PCM inside a cell is fully liquid there is no

momentum sink term as the liquid fraction becomes 1. To mimic the flow of liquid through a porous
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medium the enthalpy porosity method uses the Carman-Kozeny equation. This is derived from Darcy law

for flow through porous media and with some modifications it becomes:

_ Amush(1 _,8)2
AB) = £3 +0.001

The term A,,,,sn is known as the mushy zone constant and has a significant impact on the solidification
and melting simulations. A higher mushy zone constant means a larger momentum sink term and this
large sink term dampens the motion in the liquid region. In the case where gravity is present the natural
convection in the liquid region is strongly dampened by increasing the mushy zone constant. The mushy
zone constant impacts the heat transfer and flow characteristics during the solidification and melting of
the PCM. The mushy zone constant ranging from 103-10% has been suggested in manuals of commercial
software. Higher values of the mushy zone constant lead oscillations in the solution. The typical
approach that has been followed in recent studies is to develop a numerical model of an actual
experiment and then change the mushy zone constant to match the experimental results. This approach

is used because there is no analytical way to find out the value of the mushy zone constant.

Analytical Solution

The analytical solution for solidification and melting of materials is based on some simplifications that
make the Stefan problem analytically solvable. One such solution has been provided in [21]. The solution
investigates the solidification of a semi-infinite slab of water into ice that is bounded by a stationary wall
at (z, = 0 m). The fluid under consideration is incompressible and gravity is ignored in the solution. The
water block is initially at a temperature of Ty = 278K at this temperature the complete slab is liquid
and at time, t = 0 seconds the temperature of the stationary wall (z;, = 0 m) is changed to T; = 268K

which is below the melting temperature of T); = 273K. Thus, for t > 0 seconds the semi-infinite water
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slab starts freezing and the melt front or the solid-liquid interface starts moving in the upward direction.
It is also assumed that the melting and solidification processes are isothermal and there is no hysteresis
in the process. Thus, there is a singular melting and freezing temperature, T); = 273K and this is the
temperature of the solid-liquid interface. The vertical location of the solid-liquid interface as a function

of time is displayed in Figure 39 and this location can be calculated using the following equation:

h = A4aBt
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Figure 39. Solid-liquid (ice-water) interface location as a function of time from analytical solution
where, h is the solid-liquid interface location, a® is the thermal diffusivity of ice and t is time elapsed
since the temperature of the stationary wall is changed to T, and A is a constant that depends on
material properties and the initial and boundary conditions. For the material properties of water and ice,
and the description of the physics provided above, A = 0.1159. For further information related to

calculation of A and the overall analytical solution method please refer to [21].

ANSYS Model for Analytical Validation
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To better understand the implementation of the enthalpy-porosity method using ANSYS Fluent a
simulation to validate the model was carried out. The model replicated the material properties, initial
condition, and the boundary conditions as described in the analytical solution discussed above. To
compare the performance of the simulation against analytical solution the location of the mushy zone
was tracked and it was compared to the solid-liquid interface location provided by the analytical
solution. The mushy zone is a region where the liquid fraction changes from 0 to 1. Thus, the both edges
of the mushy zone were manually tracked at different instances of time and for the model to be
validated against the analytical solution it is expected that the solid-liquid interface location calculated
using the analytical should be inside the mushy zone. In comparison to the complete domain of
simulation only a small region has a liquid fraction greater than 0 but less than 1, which is the mushy
zone. The mushy zone does not exist in the analytical solution as it assumes the melting and
solidification processes are isothermal but the enthalpy porosity method needs different solidus and
liguidus temperatures. The solidus temperature is the temperature at which the melting begins and
liqguidus temperature is the temperature at which the melting ends. Thus, another way that was used to
gauge the performance of the simulation was converting the area weighted liquid fraction into height
occupied by the ice at any moment in time. It was expected that this height will be slightly lower than

the solid-liquid interface location provided by the analytical solution.

Material Properties

The material properties provided in the analytical solution were used but with a slight alteration. The
enthalpy porosity method needs distinct solidus and liquidus temperatures because when these two are
set equal to each other the simulation starts generating errors as it leads to division by zero in certain
terms. Thus, to make the simulation closely replicate the analytical solution the solidus temperature
(Tsotiqus) Was set to 273K and the liquidus temperature (T};qyiqus) Was set to 273.1K. The mushy zone in

this case lies between 273K and 273.1K and the thermophysical properties in this region were linearly
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interpolated based on the temperature. The Piecewise Linear functionality in ANSYS Fluent was used in
assigning temperature dependent thermophysical properties. The thermophysical properties used in

this simulation are provided in Table 7.

Table 7. Thermophysical properties of water and ice

Thermophysical Property and Phase Value
Thermal Conductivity — Water (ky,gter, W /mK) 0.6028
Thermal Conductivity — Ice (kjze, W /mK) 2.219
Density — Water (pyqter» kg /m3) 1000
Density — Ice (pjce, kg/m3) 920
Specific Heat Capacity — Water (Cpyater,J/kgK) 4187
Specific Heat Capacity — Ice (CPjce, J/kgK) 2100
Thermal Diffusivity — Water (@ g¢er, m?/S) 1.44x 107
Thermal Diffusivity — Ice (@jce, m?/s) 1.148 x 10°®
Latent Heat of Fusion (AH, ] /kg) 3.338x 10°

Domain and Meshing

The domain of interest in the analytical solution is a semi-infinite slab of water and to replicate this a 2D
domain of size 0.05m x 0.05m was generated and appropriate boundary conditions were added. A
structured mesh with a high mesh density was used to accurately capture the motion of the solid-liquid
interface. The mesh was generated using the Meshing tool in ANSYS Workbench. The total number of
cells in the domain were 22500, maximum skewness was 1.3 x 10°, and average skewness was 1.3 x 10-

10 Figure 40 shows the mesh that was generated for the analytical validation.
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Figure 40. Mesh generated for water freezing simulation

Boundary and Initial Conditions

The bottom wall was a stationary wall with no slip condition and with a fixed temperature of Ty, o¢om =
268K for times, t = 0 and this was set equal to T; from the analytical solution. The left, right, and top
boundaries were assigned symmetry boundary conditions. For times, t < 0 the semi-infinite block of
water was at a temperature of Tgomaino = 278K and this was set equal to T, from the analytical

solution. The different boundary conditions and their locations are represented in Figure 41.
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Figure 41. Boundary conditions for water freezing simulation

Solver Settings

For this simulation the Solidification and Melting module was turned ON and the default value of 10°
was used for the mushy zone parameter (A4,,,sr)- The simulation was transient and impacts of gravity
were not considered. The pressure-velocity coupling scheme used was SIMPLE, the convective
interpolation schemes used were 2" order upwind schemes, the diffusion term used a 2" order central
difference scheme, and the 2" order implicit scheme is used for the unsteady term. A time step size of
1sec was used. The under-relaxation factors used were 0.3 for pressure, 0.7 for momentum, 0.9 for
liquid fraction update and the default value of 1 was used for density, body forces, and energy. A total
of 1000 time steps were executed in the simulation, the heat flux at the bottom surface and the area

weighted liquid fraction was recorded after every time step but the contours of the liquid fraction were

recorded after every 50 time steps.

Results
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The analytical solution provides the vertical location of the solid-liquid interface (h) as a function of time
and simulation provides the vertical locations of the lower limit and upper limit of the mushy zone as a
function of time. The main goal of this analytical study is to verify if vertical location of the solid-liquid
interface (h) as provided by the analytical solution lies inside the mushy zone predicted by the
simulation. A visual representation of the lower and upper limits of the mushy zones and the vertical
location of the solid-liquid interface after every 50 seconds is provided in Figure 42. It can be observed
that for all time steps between 0 seconds to 1000 seconds the solid-liquid interface lies within the

mushy zone. This validates the simulation against the analytical solution.
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Figure 42. Comparison of mushy zone location from simulation and solid-liquid interface from analytical solution

As previously mentioned, another way to gauge the performance of the simulation against the analytical

solution was by calculating the height occupied by the ice layer. The ice layer height was calculated
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based on the area weighted liquid fraction and its comparison against the analytical solution is provided
in Figure 43. The data for this graph was collected after every 1 second from both the simulation and the
analytical solution. The mean average error between the analytical solid-liquid interface location and the
simulation-based height occupied by ice layer was 1.9 x 10*m. This completes the analytical validation
study and it can be concluded that the simulation was able to accurately predict the freezing of the ice
to water. The same model with appropriate changes can now be used to predict the melting and

solidification processes of PCM 2 with confidence provided the thermophysical properties are reliable.
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Figure 43. Comparison of ice layer height from simulation and solid-liquid interface from analytical solution

PCM 2 2D Simulations: Enthalpy Porosity Approach vs Cp Curve Approach

Due to the lack of viscosity and experimental data for PCM 2, it was decided to use the solid Cp curve

simulation approach and then use those results to fine-tune the mushy zone constant for PCM 2. Also, it

76



was decided based on the presumed composition of PCM 2 that the dynamic viscosity should be in the
order of magnitude of ~0.001 kg/ms. The solid Cp curve simulations were followed by the enthalpy

porosity simulations on the same domain with the appropriate material properties and refined mesh to
capture the melting process accurately. To replicate the physics of the solid Cp curve simulation gravity

was turned off during the enthalpy porosity method simulations.

The solid Cp curve method requires the construction of the Cp curve in the melting region. The curve
was constructed such that the area under the curve from the solidus temperature (Tgp;iqus) to the
liquidus temperature (Tj;qyiqus) Was equal to the latent heat of fusion of PCM 2. The curve was
constructed as a trapezium where the length of the larger parallel side was known but the distance
between the parallel sides and the length of the shorter parallel side was determined to obtain the

desired area under the curve. The Cp curve in the range 290K-300K is shown in Figure 44.
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Figure 44. Constructed curve of specific heat (Cp) as a function of temperature for PCM 2
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Modeling Domain and Mesh

The modeling domain for both the solid Cp curve simulation and the enthalpy porosity simulations was a
2D rectangular cavity that is 609.6mm tall and 6.3mm wide. These dimensions are used because this was

the cross-section of the PCM layer applied on the inner wall surface.

Material Properties

The thermophysical properties of PCM 2 used in these simulations are given in Table 6. The thermal
conductivity changes between the solid and liquid phases. Thus, the variation of the thermal
conductivity in the temperature range from the solidus temperature (T pcy 2 = 21°C) to the liquidus
temperature (T} pcpy = 21.8°C) is unknown and thus, linear interpolation in this range was used. The

equations were generated using MS Excel and they are provided in Table 8.

Table 8. Thermal conductivity of PCM 2 in melting temperature range as a function of temperature

Thermophysical Property Temperature-Dependent Equation in Melting Temperature Range
Thermal Conductivity (W/mK) kmusny = —0.6875T + 203.318

Boundary Conditions

The boundaries on the top, bottom, and the left had a no-slip boundary condition (u = v = 0) imposed
for the momentum equation and an adiabatic boundary condition (g—YTl = 0) imposed for the energy

equation as shown in Figure 45. The right boundary had a no-slip boundary condition (u = v = 0) and
an isothermal boundary condition (T = 27°C ) imposed for the momentum and energy equation
respectively. At the start of the simulation, the entire domain was at T = 17°C and this initial condition

was important because it impacts the total melting time of PCM 2.
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Figure 45. Boundary conditions for comparison of PCM 2 melting using enthalpy porosity approach and solid Cp curve approach

Solver Settings and Mesh Quality

The pressure-velocity coupling scheme used was SIMPLE, the convective interpolation scheme used was
the 2" order upwind scheme, the diffusion term used a 2" order central difference scheme, and the 2"
order implicit scheme was used for the unsteady term. A time step size of 0.2 s was used for the
enthalpy porosity simulations and a time step size of 5 sec was used for the solid Cp curve simulations.
The mushy zone constant used during the PCM 2 simulations was 4 x 10°. A structured grid was
generated using the Meshing tool in ANSYS Workbench. The total number of cells in the domain were
30000, maximum skewness of the mesh was 2.14 x 108, and the average skewness of the mesh was 2.14

x10%.
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Results

The temperature inside the PCM was extracted at 3 different locations with 1-minute intervals between
consecutive data points. The temperature was extracted at 2mm, 4mm, and 6.3mm from the right wall
where the isothermal boundary condition was imposed. The time taken for the different locations to
reach 300K is different between the solid Cp curve method and the enthalpy porosity method. Based on
Figure 46, Figure 47, and Figure 48 it can be observed that reaching 300K takes a longer time in the Solid
Cp curve approach than the enthalpy porosity approach. Comparing the temperatures within the same
approach it is observed that the 2mm plane is the first to reach 300K and the 6.3mm plane is the last to
reach 300K as expected as shown in Figure 46 and Figure 48. Also, it can be observed that after 23
minutes for the enthalpy porosity approach and after 33 minutes for the solid Cp curve approach the
increase in the temperatures is rapid and because after these points in time the PCM is completely

melted and thus, the heat capacity of the PCM is less than it is during the melting zone.
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Figure 47. Comparison of temperature as a function of time at 4mm from isothermal boundary between the enthalpy porosity
approach and solid Cp approach
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Figure 48. Comparison of temperature as a function of time at 6.3mm from isothermal boundary between the enthalpy porosity
approach and solid Cp approach

The heat flux at the right wall is averaged over the entire surface and consecutive data points are
extracted with a 1-minute interval in between. Initially, the heat flux is very high about ~3500 W/m?
and then drops quickly into the 1500-500W/m? range where the rate of heat flux change is significantly
smaller as shown in Figure 49. At the 23-minute mark in the enthalpy porosity approach, and at the 33-
minute mark in the solid Cp curve approach, there is a sudden change in the heat flux which indicates
that the entire PCM has melted as shown in Figure 49. At the 30-minute mark in the enthalpy porosity
approach and the 41-minute mark in the solid Cp curve approach the heat flux drops to zero and this
corresponds to the temperature at the 6.3 mm wall reaching thermal equilibrium with the entire

domain as shown in Figure 48 and Figure 49.
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Figure 49. Comparison of heat flux as a function of time at the isothermal boundary between the enthalpy porosity approach
and solid Cp approach

Analyzing these graphs, the trends of both approaches look similar, but the time taken by the solid PCM
is longer. To explore the reason for this mismatch between the approaches, two exploratory
simulations were carried out. Firstly, the solid Cp curve was modified to have a triangular form as
opposed to the trapezium-like form. The comparison of the heat flux on the right wall and the
temperatures at different depths inside the PCM show that changing the Cp curve shape to triangular
does not have any impact on the melting time and the overall behavior of PCM 2 modeled as a solid.
Secondly, the mushy zone constant can affect the flow characteristics and heat transfer by changing the
magnitude of the sink term in the momentum equation, and therefore, the different mushy zone
constants were used to study the impact on the melting time. The mushy zone constant (4,,,,sx) Was set

to 5 x 108and 10° for the simulations but no change in melting time, heat flux at right wall, and
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temperatures at different depths was observed. Therefore, it can be concluded that in this case PCM 2
melting behavior is independent of mushy zone constant and that the viscosity value used for PCM 2 is
not the correct fit. Thus, due to lack of viscosity data and experimental data it was decided to use the

Solid Cp curve approach for PCM 2 as well.

PCM 2 Blended Wall Simulations with Inner Wall Convective Boundary Condition

Modeling Domain

The modeling domain for the PCM 2 simulations was exactly like the Blended Wall model for the No
PCM cases but with an additional layer of PCM 2 on top of the gypsum layer. The PCM 2 layer had a

thickness of 6.3mm. Figure 50 shows cross sectional view Blended Wall model for PCM 2.
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Figure 50. Blended wall model with PCM 2 layer next to Gypsum layer

Wall Material Properties

The thermophysical properties of gypsum, stucco, and plywood are given in Table 2. The thermophysical
properties of the blended layer were calculated based on the mass-weighted thermophysical properties
of the insulation and the stud and are given in Table 3. The density of PCM 2 is provided in Table 6 and
the specific heat capacity variation with temperature was modelled using piecewise linear profiles as
shown in Figure 44. The thermal conductivity of solid PCM 2 (273.15K-294.15K) and of liquid PCM 2
(294.95K-400K) is given in Table 6. The variation of thermal conductivity with temperature in the mushy

zone (294.15K-294.95K) is modelled using the equation given in Table 8.
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Boundary Conditions

The boundary conditions applied on the PCM 2 cases were exactly like the boundary conditions imposed
on the No PCM with Inner Wall Convective Boundary Condition cases. As shown in Figure 2, the
insulated boundary condition was imposed on Surfaces 1 and 2, the symmetry boundary condition was
imposed on Surfaces 3 and 4, the convective boundary condition was imposed on Surface 5, and Outer
Wall surface temperature profile obtained from EnergyPlus on Surface 6. For PCM 2 Blended Wall
Simulations with Inner Wall Convective Boundary Condition 4 cases for Winter were run and they were
Winter 1 No PCM, Winter 1 PCM 2, Winter 2 No PCM, and Winter 2 PCM 2. Similar cases were executed
for Summer as well and for PCM 2 no Shoulder cases were executed. For all the Winter and Summer
cases the outer wall temperature profiles imposed as a boundary condition were all the same for the
same season. The inner wall convective boundary conditions for the different cases have been

summarized in the Table 9.

Table 9. Different cases run for PCM 2 and their inner wall surface boundary conditions

Case Convective Heat Transfer Free Stream
Coefficient (W/m?2K) Temperature (K)
Winter 1 No PCM 1.744 292.65
Winter 1 PCM 2 1.744 292.65
Winter 2 No PCM 1.744 294.5
Winter 2 PCM 2 1.744 294.5
Summer 1 No PCM 1.744 298.65
Summer 1 PCM 2 1.744 298.65
Summer 2 No PCM 1.744 294.8
Summer 2 PCM 2 1.744 294.8

Initial Conditions and Simulation Time
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The initial conditions and simulation time for the PCM 2 cases were exactly like the No PCM cases. The
24-hour temperature profiles were run consecutively for 3 days. The identical heat flux profiles of day 2
and day 3 that obtained as an output were used to ensure that the simulation results were independent

of the initial condition.

Solver Settings and Mesh Quality

The SIMPLE scheme was used for pressure-velocity coupling. A second-order implicit scheme was used
for the transient formulation. The use of an implicit scheme ensured that there was no possibility of the
calculations becoming unstable and this also provides greater flexibility in selecting the time step size.
The time step used in these simulations was 300 seconds and the solutions were recorded after every 2-
time steps. The total number of elements in the mesh was 525000, maximum skewness of the mesh was

1.3 x 10%9, and average skewness of the mesh was 1.3 x 10°%°,

Results

PCM 2 Winter

Comparing the inner wall surface temperatures of Winter 1 No PCM with Winter 1 PCM 2 and Winter 2
No PCM with Winter 2 PCM 2 the No PCM cases show a higher temperature fluctuation than the
corresponding PCM 2 cases as shown in Figure 51. Winter 1 had an indoor air temperature of 292.65K
and this was lower than the solidus temperature of PCM 2 which was 294.15 K and thus, PCM 2 never
melted or even reached the solidus temperature. The maximum temperature PCM 2 in Winter 1 PCM 2
case was 293K. Thus, the reduced temperature fluctuation of Winter 1 PCM 2 as compared to Winter 1
No PCM is purely due to the added thermal mass. For Winter 2 the freestream temperature was 294.5K

and this was selected to ensure that PCM 2 started melting during the 24-hour cycle. The maximum
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temperature of the inner wall surface was 294.18K and thus, PCM 2 entered the mushy zone but did not
completely. From Figure 46, Figure 47, Figure 48, and Figure 49 it can be concluded that PCM 2
completely melts approximately at 33-34 minutes in the simplified 2D simulation using when using the
Solid Cp curve approach. The heat flux values range from 453-3401 W/m? between 0-34 minutes as
shown in Figure 49 and these are significantly higher than the heat flux values at the inner wall surface
in the Blended Wall model. Thus, the amount of energy needed to melt PCM 2 was not available from
the inner wall surface heat flux and this lead to the temperatures showing no change between 17-20.67
hours for Winter 2 PCM 2 case. Between 0-10 hours the inner wall surface temperatures for all cases
was decreasing and this corresponded to the nighttime and early morning times. For Winter 1 No PCM
and Winter 2 No PCM the inner wall surface temperature started increasing slightly before 10 hours and
peaked at around 16.5 hours. This corresponds to the time between sunrise to sunset. But the for the

PCM 2 cases the temperature started rising a little later in time.
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Figure 51. Comparison of inner wall surface temperature profiles between Winter 1 No PCM, Winter 1 PCM 2, Winter 2 No PCM,
and Winter 2 PCM 2

Like the inner wall surface temperatures, the higher fluctuations in the inner wall surface heat flux are
observed in the No PCM cases as shown in Figure 52. For a Winter day, the goal of adding PCM to the
wall envelope is to ensure that PCM melts during the day and at night releases this energy to the inside
of the house and keeps it warm. This delays turning ON the heater and reduces the energy consumption
of heating the house. Thus, it is expected that for the PCM to be effective the heat flux should be
negative for a longer period than the No PCM case in the evening and should have a higher or
comparable negative heat flux in the evening. But for Winter 1 PCM 2 it is observed that the highest
negative heat flux is less than -1 W/m? and this is significantly smaller than the -3W/m? that is observed
in the Winter 1 No PCM case. Thus, the heat entering the house from the inner wall surface is much
smaller in the Winter 1 PCM 2 case. The time duration for which the heat is entering the house is also

much smaller. For Winter 1 No PCM case it is between 14.5-20.5 hours and for the Winter 1 PCM 2 case
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it is between 16.5-20.5 hours. For the Winter 1 case no effect of PCM melting was seen and thus, for
Winter 2 the freestream temperature of 294.5K was chosen to ensure that PCM 2 at least partially
melted. The Winter 2 No PCM case showed that a higher freestream temperature meant that more heat
left the house between 0-10 hours than the Winter 1 No PCM case. The overall trend of Winter 2 No
PCM is similar to Winter 1 No PCM but with a higher positive heat flux between 0-10 hours and lower
negative heat flux between 14.5-20 hours. Winter 2 PCM 2 case shows a similar trend where more heat
leaves the house between 0-5.5 hours than the Winter 1 PCM 2 case. The heat flux never changes
direction and at no point during the 24-hours the heat enters the house from the inner wall surface.
Thus, changing the freestream temperature to 294.5K did not have the desired impact. The inner wall
surface heat flux for Winter 2 PCM 2 is almost constant between 17.5-20.5 hours and this corresponds
the time during which PCM 2 temperature is above the solidus temperature. The heat flowing through
the wall was not enough to melt the PCM during the day and thus, the benefit of heat released during
PCM solidification was not extracted in this configuration. Throughout the 24-hour cycle the heat flux is
positive for longer periods of time than it is negative and thus, in a cumulative sense this means a wall
configuration with lower value of heat flux integrated over the 24-hour cycle is a more energy efficient
option. The total heat entering the inner wall surface from inside the house over the 24-hour cycle was
179,138 J/m? for Winter 1 No PCM, 185281 J/m? for Winter 1 PCM 2, 246,151 J/m? for Winter 2 No PCM,
and 254,367 J/m? for Winter 2 PCM 2. Thus, in the Winter 1 PCM 2 case the total heat entering the inner
wall surface from inside the house is 3.4% higher than in the Winter 1 No PCM case. Similarly, in the
Winter 2 PCM 2 case the total heat entering the inner wall surface from inside the house is 3.3% higher
than in the Winter 2 No PCM case. These numbers indicate that more heat will leave the house in order
to maintain the corresponding freestream temperatures, and this will require the heating system to

spend more energy in the case when PCM 2 is added at the inner wall. Because more heat travels from
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inside the house to the inner wall surface when PCM 2 is added and to compensate for this loss of heat

the heating system will end up consuming more energy.

The outer wall surface heat flux variation throughout the 24-hour cycle is shown in Figure 53 and it is
exactly same in all the cases. The heat flux is flowing from inside the house to outside during the night
and at 7.5 hours the heat flux changes direction. The change in direction corresponds to solar radiation
incident on the outer wall surface and the impact of the solar radiation can be seen on the inner wall
surface temperature at 10 hours. The outer wall surface heat flux remains positive only between 7.5-

14.5 hours.
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Figure 52. Comparison of inner wall surface heat flux profiles between Winter 1 No PCM, Winter 1 PCM 2, Winter 2 No PCM, and
Winter 2 PCM 2
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Figure 53. Comparison of outer wall surface heat flux profiles between Winter 1 No PCM, Winter 1 PCM 2, Winter 2 No PCM,
and Winter 2 PCM 2

PCM 2 Summer

Summer 1 No PCM and Summer 2 No PCM show the exact same trends and behavior throughout the 24-
hour cycle and the only change is they are displaced in temperature as shown in Figure 54. This is
expected because the only different between these cases is the freestream temperature values.
Comparing Summer 1 No PCM with Summer 1 PCM 2 and Summer 2 No PCM with Summer 2 PCM 2 the
No PCM cases have a higher temperature fluctuation. This can be attributed to the added thermal mass
in the PCM 2 cases. The inner wall surface temperature is always above the liquidus temperature
(294.95K) in the Summer 1 PCM 2 case and this indicates that PCM 2 was always a liquid in this case and
there was no phase change that took place. Thus, no benefit of adding the PCM was seen as the

freestream temperature was 298.65K. To ensure that PCM at least partially started solidifying the
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freestream temperature was set to 294.8K which is lower than the liquidus temperature for Summer 2
cases. The inner wall surface temperature remains constant between 6.5-12.67 hours but it never drops
significantly in the mushy zone region. The lowest temperature during this time is 294.90K which
indicates that only a small fraction of PCM 2 has solidified partially. PCM 2 does not lose enough heat to
solidify the PCM significantly. The temperature of inner wall surface drops constantly from 0-8 hours
and then increases between 8-17 hours for the No PCM cases. For the PCM 2 cases there are delays in

the time until which the temperature drops and delays in the time until which the temperature rises.
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Figure 54. Comparison of inner wall surface temperature profiles between Summer 1 No PCM, Summer 1 PCM 2, Summer 2 No
PCM, and Summer 2 PCM 2

For a Summer day, the goal of adding PCM is to reduce the amount of heat entering inside the house
and thus, reducing the energy consumption of cooling the house. The heat leaving the inner wall surface
and entering the house has a negative value. Thus, when analyzing the graph a wall configuration that

has a smaller negative value of total heat over the 24-hour duration is a more energy efficient option.
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For Summer 1 No PCM the inner wall surface heat flux is negative between 0-1.5 hours and this
indicates that the heat entering the house from the inside wall surface as shown in Figure 55. Between
1.5-12.5 hours the inner wall surface heat flux is positive indicating that the heat is leaving the house
and during this time the heat flux first increases till 8.5 hours and then decreases. Between 12.5-24
hours the inner wall surface heat flux is negative indicating that heat is continuously entering the house
during these times. For the Summer 1 PCM 2 case the heat flux is negative between 0-4.5 hours and this
indicates that the heat is entering the house for longer time period than the No PCM case. Between 4.5-
13.5 hours the inner wall surface heat flux is positive but the magnitude of heat leaving the house is
much smaller than the No PCM case and this is not desirable. Beyond 13.5 hours the inner wall surface
heat flux is negative but lower in magnitude than the No PCM case and thus, lower amount of heat
enters the house. Summer 2 No PCM shows similar trends to Summer 1 No PCM but with differing
magnitudes and time shift. For the Summer 2 No PCM case the amount of heat leaving the house is
lower than both Summer 1 cases but the heat entering the house is greater than all the cases. For the
Summer 2 PCM 2 case the inner wall surface heat flux is negative throughout the 24-hour cycle and this
indicates that the heat in continuously entering the house and this does not contribute towards
reducing the cooling energy consumption. The cumulative heat entering the house from the inner wall
surface was -109292 J/m? for Summer 1 No PCM, -104868 J/m? for Summer 1 PCM 2, -248264 J/m? for
Summer 2 No PCM, and -241179 J/m? for Summer 2 PCM 2. In the Summer 1 PCM 2 case the total heat
entering the house from the inner wall surface is 4% less than in the Summer 1 No PCM case. Similarly,
in the Summer 2 PCM 2 case the total heat entering the house from the inner wall surface is 2% less
than in the Summer 2 No PCM case. Thus, as less heat enters inside the house when PCM 2 is placed at
the inner wall surface less energy will be spent in cooling the house to maintain the appropriate
freestream temperatures. These numbers clearly indicate that adding PCM 2 had some impact on

reducing the cooling energy consumption.
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As observed in the outer wall surface heat fluxes of all the Winter cases the outer wall surface heat
fluxes of all the Summer cases also overlapped each other and there was no significant difference
between any cases as shown in Figure 56. Comparison of outer wall surface heat flux profiles between
Summer 1 No PCM, Summer 1 PCM 2, Summer 2 No PCM, and Summer 2 PCM 2. Between 0-5.5 hours
and 14.5-24 hours the outer wall surface heat flux is negative indicating that the heat is traveling from
the outer wall surface to the outdoor environment. Only between 5.5-14.5 hours the heat is entering

from the outdoor environment to the outer wall surface.

4
0°°%o0
’ :
@) ~ O
2 o 50 - o
o o O¥e)
Oo ° Oos OOOO10000015 20 25
O ©) O
S - O 0 O o
s2 9 o e)
= |0 o O
E @ ? © © g
[ O S
E_4 @) @) @ @)
I O ) © o O O
o O
-6 @) O O (@)
0o ©
-8
-10
Time (hr) OSummer 1 NoPCM  OSummer 1 PCM 2 Summer 2 No PCM O Summer 2 PCM 2

Figure 55. Comparison of inner wall surface heat flux profiles between Summer 1 No PCM, Summer 1 PCM 2, Summer 2 No PCM,
and Summer 2 PCM 2
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Figure 56. Comparison of outer wall surface heat flux profiles between Summer 1 No PCM, Summer 1 PCM 2, Summer 2 No PCM,
and Summer 2 PCM 2

The inner wall surface temperature range for Winter 1 is from 290.3-293K and for Winter 2 is from
291.7-294.1K. Thus, in both the cases the inner wall surface temperature never enters the melting range
of PCM 2 which is begins from 294.15K. The inner wall surface temperature in Winter 2 remains
constant at 294.1K as the huge amount of energy is required for melting PCM 2. This much energy is not
available at the inner wall surface and thus, only a very small fraction of PCM 2 melts. To reduce the
energy consumption in Winter the inner wall surface temperature and the inner wall surface heat flux
must be such that it at least partially melts a significant portion of the PCM. If this were the case, then
high specific heat of PCM 2 can be leveraged to reduce the energy consumption. The inner wall surface
temperature range for Summer 1 is from 297.3-301.3K and for Summer 2 is from 294.9-298.3K. In
Summer 1 the inner wall surface temperature is such that PCM 2 is always in a liquid state but for

Summer 2 between the range of 294.95-294.9K PCM 2 solidifies slightly. It is interesting to note that
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although PCM 2 never melts in Summer 1 case the total heat entering house from the inner wall surface
reduces by 4% but in the Summer 2 case where PCM 2 melts slightly the reduction in the heat entering
the house from the inner wall surface is only 2%. This indicates that solidification of PCM 2 in Summer

might not have the desired impact.
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Chapter 6: Different PCM Locations

PCM Distributed Inside Insulation + Stud Layer

The PCM behavior when located at the inner wall surface is strongly affected by the indoor conditions
but the impact of outdoor conditions is weak. To completely utilize the benefits of PCM in reducing
energy requirements the PCM must located at a position where it can interact with both the indoor and
outdoor environments [35]. Prior to starting this project, the idea of locating PCM inside the insulation
was rejected because the poor thermal conductivity of the insulation will reduce the heat conduction to
the PCM. As the heat conducted to the PCM is reduced large heat capacity offered by the PCM is not

completely utilized and thus, this location was not tested.

The optimal location of the PCM in the building envelope is a function of the thermophysical properties
of the PCM, and the indoor and outdoor conditions of the building. Different studies have identified
different optimal location for the PCM and this proves that in addition to being a function of the
thermophysical properties of the PCM and the indoor and outdoor conditions it also depends on the
wall structure of building. Jin et al. [36][37] found the optimal PCM location to be 1/5 the cavity
thickness from the inner wall surface. Lee et al. [19]found the optimal PCM location as 2/5 the cavity
thickness from inner wall surface for the South facing wall and 1/5 the cavity thickness from inner wall
surface for the West facing wall Fateh et al. [38][39]found the optimal PCM location to be at the middle
of the wall Kishore et al. [35]found the optimal PCM location to be in the center of the insulation for
different cities in the U.S Based on these studies, an additional PCM location of PCM inside the

Insulation layer was tested.
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Modeling Domain

In the PCM inside Insulation + Stud layer, PCM cubes were equally distributed throughout the blended
wall in the insulation + stud layer. The volume of the PCM distributed was equal to the volume of the
PCM contained in the PCM 1 6mm layer model. As the densities of PCM 1 and PCM 2 were different the
mass of the PCM in these models was different as well but both had the same volume. The PCM was
distributed in cubes of 2mm arranged in a staggered pattern with a pitch of 4.91mm. With the addition
of cubes distributed inside the insulation + stud layer the meshing of the domain needed higher density
of elements and thus, to reduce the computational effort the cross-sectional area of the domain used
was 4.91mm x 4.91mm as shown in Figure 57. This was possible by imposing symmetry boundary

conditions on the lateral faces.
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Figure 57. Wall model with PCM inside Insulation + Stud layer
Wall Material Properties

The thermophysical properties of gypsum, plywood, and stucco are given in Table 2. The thermophysical
properties of the blended layer were calculated based on the mass-weighted thermophysical properties

of the insulation and the stud and are given in Table 3. The density and thermal conductivity of PCM 1

100



are provided in Table 4 and the specific heat capacity variation with temperature was captured using the
UDF and the details of it are provided in Table 5. The density of PCM 2 is provided in Table 6 and the
specific heat capacity variation with temperature of PCM 2 was modelled using piecewise linear profiles
as shown in Figure 44. The thermal conductivity of solid PCM 2 (273.15K-294.15K) and of liquid PCM 2
(294.95K-400K) is given in Table 6 The variation of thermal conductivity with temperature in the mushy
zone (294.15K-294.95K) was modelled using the equation given in Table 8. Depending on the case the

appropriate PCM material properties were used.

Boundary Conditions

The boundary conditions applied on the PCM inside Insulation + Stud layer cases were exactly like the
boundary conditions imposed on PCM 2 and No PCM cases with Inner Wall Convective Boundary
Condition cases. As shown in Figure 2, the symmetry boundary condition was imposed on Surfaces 1, 2,
3, and 4, the convective boundary condition was imposed on Surface 5, and Outer Wall surface
temperature profile obtained from EnergyPlus on Surface 6. For PCM inside Insulation + Stud layer cases
only Winter representative days were tested. The outer wall temperature profile imposed on all the
cases was exactly same and only the inner wall convective boundary condition was changed. Table 10

summarizes the different boundary conditions imposed on the inner wall in the different cases.

Table 10. Different cases run for PCM inside Insulation + Stud layer and their inner wall surface boundary conditions

Case Convective Heat Transfer Free Stream
Coefficient (W/m?K) Temperature (K)
Winter 1 No PCM 1.744 292.65
Winter 1 PCM 1 1.744 292.65
Winter 1 PCM 2 1.744 292.65
Winter 2 No PCM 1.744 294.5
Winter 2 PCM 1 1.744 294.5
Winter 2 PCM 2 1.744 294.5
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Initial Conditions and Simulation Time

The initial conditions and simulation time for the PCM Next to the Stud cases were exactly like the No
PCM cases. The 24- hour temperature profiles were run consecutively for 3 days. The identical heat flux
profiles of day 2 and day 3 that were obtained as an output were used to ensure that the simulation

results were independent of the initial condition.

Solver Settings and Mesh Quality

The SIMPLE scheme was used for pressure-velocity coupling. A second-order implicit scheme was used
for the transient formulation. The use of an implicit scheme ensured that there was no possibility of the
calculations becoming unstable and this also provides greater flexibility in selecting the time step size.
The time step used in these simulations was 300 seconds and the solutions were recorded after every 2-
time steps. The total number of elements in the mesh was 8841643, maximum skewness of the mesh is

0.214, and average skewness of the mesh was 0.188.

Results

Figure 58 shows the outer wall surface temperature variation through the 24-hour cycle that was
imposed on all the simulations of PCM inside Insulation + Stud layer. The outer wall surface temperature
does not vary a lot between 0-7.5 hours and beyond this point the solar radiation starts hitting the outer
wall surface. The impact of the solar radiation is that the outer wall surface temperature starts
increasing and between 7.5-10.33 hours the temperature increases at certain rate but between the

10.33-13.33 hours the rate of outer wall surface temperature increase is even higher. After 13.33 hours
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a decline in the outer wall surface temperature begins and this continues for the remainder of the 24-

hour cycle.
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Figure 58. Comparison of outer wall surface temperature profiles between Winter 1 No PCM, Winter 1 PCM 1, Winter 1 PCM 2,
Winter 2 No PCM, Winter 2 PCM 1, and Winter 2 PCM 2 with PCM inside Insulation + Stud layer wall model

The inner wall surface temperature variation through the 24-hour cycle for all the PCM inside Insulation
+ Stud layer are shown in Figure 59 and Figure 60 Comparison of the Winter 1 and Winter 2 cases shows
that the general trends in both are very similar but have been displaced in temperature and this has
been caused by the changed freestream temperature inside the house which for Winter 1 is 292.65K
and for the Winter 2 is 294.5K. For the No PCM cases and the PCM 1 cases the temperatures slightly
drop between 0-8.67 hours. The drop is even smaller in the PCM 1 cases. During the same time of 0-8.67
hours the PCM 2 cases shows a much higher drop in temperature and in these cases the drop continues
till 9-hours. The solar radiation starts hitting the outer wall surface at 7.5 hours and the effect of the

radiation on inner wall surface temperature is observed at around 10-hours. The inner wall surface
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temperatures of the No PCM and PCM 1 cases start increasing slightly before 10-hours. For the No PCM
cases the rise in temperature continues till 16.83 hours and for the PCM 1 cases it continues till 16-
hours. Comparing the maximum temperature increase of the No PCM, PCM 1 and PCM 2 cases the
maximum temperature increase occurs in the No PCM case followed by the PCM 1 case. This can be
attributed to the additional thermal mass in the PCM cases compared to the No PCM cases. Beyond the
peak in temperatures occurring at different times in the No PCM and PCM 1 cases the inner wall surface
temperature decreases at a constant rate for the rest of the 24-hour cycle. For the PCM 2 cases the
inner wall surface temperature continue rising until 23.5 hours in the Winter 1 case and 20.5 hours in

the Winter 2 case.
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Figure 59. Comparison of inner wall surface temperature profiles between Winter 1 No PCM, Winter 1 PCM 1, and Winter 1 PCM
2 with PCM inside Insulation + Stud layer
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Figure 60. Comparison of inner wall surface temperature profiles between Winter 2 No PCM, Winter 2 PCM 1, and Winter 2 PCM
2 with PCM inside the Insulation + Stud layer

When the PCM is located inside insulation + stud layer the PCM is physically closer to the outdoor than
when the PCM is located at the inner wall surface and thus, PCM inside insulation + stud layer can be
affected by the outdoor conditions. Collecting the inner wall surface temperature does not provide an
idea of the temperature of the PCM and thus, mass averaged PCM temperature was collected and has
been shown in Figure 61. Clearly, the behavior of PCM 1 and PCM 2 is significantly different and this can
be attributed to the difference in specific heat capacities of both PCMs. The PCM 1 mass averaged
temperature shows a similar variation through the 24-hour cycle as the inner wall surface temperature
in the same case but there is a time shift and the magnitudes are different as this location is closer to
the outdoor conditions. The PCM 1 mass averaged temperature starts rising at around 7.83-hours and
starts dropping back at 14.83-hours. The PCM 2 mass averaged temperature also shows a similar trend

to the inner wall surface temperatures in the same case as well with a time shift and different
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magnitude. It worth noting that the PCM 2 mass averaged temperature never really goes beyond 294K

and this indicates that on a mass averaged scale the PCM 2 never enters the melting temperature range

of 294.15k-294.95K.
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Figure 61. Comparison of PCM mass-averaged temperature profiles between Winter 1 PCM 1, Winter 1 PCM 2, Winter 2 PCM 1,
and Winter 2 PCM 2 with PCM inside Insulation + Stud layer wall model

The inner wall heat flux profiles for all the cases have been shown in Figure 62 and Figure 63. These are
the profiles give an insight into whether this wall model will be beneficial from an energy savings point
of view. Between 0-10 hours the inner wall surface heat flux increases by approximately 1.4 W/m?in
both No PCM cases and beyond that starts dropping quickly. The direction of inner wall surface heat flux
changes at around 15 hours and the heat starts flowing from the inner wall surface to inside the house.
It continues flowing in this direction till approximately 20 hours. Beyond 20 hours the heat flux changes
direction again. Between 0-10.5 hours the inner wall surface heat flux values of Winter 1 No PCM and

Winter 1 PCM 1 have no significant difference and between 11.5-15.5 hours there is a difference in
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magnitude but not in direction. Between 16.5-19.5 hours the inner wall heat flux leaving the inner wall
surface and entering the house drops from its peak value and during this time Winter 1 PCM 1 has
smaller magnitude than Winter 1 No PCM. The relative behavior of Winter 2 No PCM and Winter 2 PCM
1is like the relation behavior of Winter 1 No PCM and Winter 1 PCM 1. The inner wall surface heat flux
for PCM 2 shows significantly different behavior than the No PCM and PCM 1 cases. For both Winter 1
and Winter 2 the inner wall surface heat flux is between 0-1 W/m? at 0.5 hours and increases
continuously till 10.5 hours. At 10.5 hours the inner wall surface heat flux for Winter 1 PCM 2 is 4.6
W/m? and for Winter 2 PCM 2 is 5.5 W/m?2. These are the peak values and are followed by a period of
decrease in heat flux. For Winter 1 PCM 2 the inner wall surface heat flux drops to 0 W/m? between
17.5-18.5 hours and changes direction beyond this point. Between 18.5-24 hours the inner wall surface
heat flux for the Winter 1 PCM 2 flows from the inner wall surface to inside the house and this is
desirable to reduce the energy consumption. But the total heat flowing in this direction is much smaller
than the PCM 1 and No PCM cases. For Winter 2 PCM 2 the inner wall surface heat flux drops to 1 W/m?
at 20.5 hours and then increases in magnitude. Thus, for the Winter 2 PCM 2 the inner wall surface heat
flux is always traveling from inside the house to the inner wall surface and never in the opposite
direction. The cumulative heat entering the inner wall surface from inside the house is 178292 J/m? for
Winter 1 No PCM, 192521 J/m? for Winter 1 PCM 1, and 178530 J/m? for Winter 1 PCM 2. Comparing
Winter 1 No PCM with Winter 1 PCM 1 the heat leaving the house and entering the inner wall surface
increases by 7.9% and comparing Winter 1 No PCM with Winter 1 PCM 2 the heat leaving the house and
entering the inner wall surface increases by 0.13%. The cumulative heat entering the inner wall surface
from inside the house is 245071 J/m? for Winter 2 No PCM, 263721 J/m? for Winter 2 PCM 1, and
279965 J/m? for Winter 2 PCM 2. Comparing Winter 2 No PCM with Winter 2 PCM 1 the heat leaving the
house and entering the inner wall surface increases by 7.6% and comparing Winter 2 No PCM with

Winter 2 PCM 2 the heat leaving the house and entering the inner wall surface increases by 14%. Thus,
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in all the cases after adding PCM there is an increase in the heat leaving the house and this is not
desirable to reduce the energy consumption of heating the house. Increased heat leaving the house in
the PCM cases indicates that more heating energy will be required to maintain the freestream
temperature with the PCM added to the walls. For PCM 1, the percentage increase in the heat leaving
the house is 7.9% for Winter 1 and 7.6% for Winter 2. This indicates that there is no significant change in
heating energy required for PCM 1 with change in freestream temperature. For PCM 2, the percentage
increase in the heat leaving the house 0.13% for Winter 1 and 14% for Winter 2. This shows that in the

PCM 2 cases the heating energy consumption is much more sensitive to the freestream temperature.
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Figure 62.Comparison of inner wall surface heat flux profiles between Winter 1 No PCM, Winter 1 PCM 1, and Winter 1 PCM 2
with PCM inside Insulation +Stud layer wall model
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Figure 63.Comparison of inner wall surface heat flux profiles between Winter 2 No PCM, Winter 2 PCM 1, and Winter 2 PCM 2
with PCM inside Insulation + Stud layer wall model

Figure 64 shows the outer wall heat flux profile for all the PCM inside Insulation + Stud layer cases. The
heat flux values at the outer wall surface between all the different cases are all very close to each other

except for the values of Winter 1 PCM 2 and Winter 2 PCM 2 between 15.5-24 hours.
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Figure 64.Comparison of outer wall surface heat flux profiles between Winter 1 No PCM, Winter 1 PCM 1, Winter 1 PCM 2,
Winter 2 No PCM, Winter 2 PCM 1, and Winter 2 PCM 2 with PCM inside Insulation + Stud layer wall model

PCM Next to the Studs

When the PCM is placed inside the insulation + stud layer in the block wall the low conductivity of this
layer reduces effective heat transfer to the PCM. The advantage of this location is that its behavior is not
completely dictated by the indoor conditions and is more receptive to changes in the outdoor conditions
than when the PCM is located at the inner wall surface. To be able to leverage this advantage of being
located closer to outdoor conditions but to undo the impact of the thermal conductivity of the insulation

+ stud layer the idea of placing the PCM right next to studs was investigated.

Modeling Domain

As these cases require the PCM to be placed next to the studs the Blended Wall model was not used

instead the Full Wall model with slight changes to include the PCM next to studs was generated. The top
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view of the Full Wall model with No PCM and the top view of the Full Wall model with PCM Next to the
Stud is shown in Figure 65. The only difference between the two models was the addition of the PCM

next to the stud and the reduced insulation volume caused by this change.
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Figure 65. Full wall model with PCM Next to the Stud

Wall Material Properties

The thermophysical properties of gypsum, fir wood, insulation, plywood, and stucco are given in Table 2.
The density and thermal conductivity of PCM 1 are provided in Table 4 and the specific heat capacity
variation with temperature was captured using the UDF and the details of it are provided in Table 5. The
density of PCM 2 is provided in Table 6 and the specific heat capacity variation with temperature of PCM
2 was modelled using piecewise linear profiles as shown in Figure 44. The thermal conductivity of solid
PCM 2 (273.15K-294.15K) and of liquid PCM 2 (294.95K-400K) is given in Table 6. The variation of
thermal conductivity with temperature in the mushy zone (294.15K-294.95K) was modelled using the

equation given in Table 8. Depending on the case the appropriate PCM material properties were used.
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Boundary Conditions

The boundary conditions applied on the PCM Next to the Stud cases were exactly like the boundary
conditions imposed on PCM 2 and No PCM cases with Inner Wall Convective Boundary Condition cases.
As shown in Figure 2, the insulated boundary condition was imposed on Surfaces 1 and 2, the symmetry
boundary condition was imposed on Surfaces 3 and 4, the convective boundary condition was imposed
on Surface 5, and Outer Wall surface temperature profile obtained from EnergyPlus on Surface 6. For
PCM Next to the Stud cases only Winter representative days were tested. The outer wall temperature
profile imposed on all the cases was exactly same and only the inner wall convective boundary condition
was changed. Table 11 summarizes the different boundary conditions imposed on the inner wall in the

different cases.

Table 11. Different cases run for PCM Next to the Stud and their inner wall surface boundary conditions

Case Convective Heat Transfer Free Stream
Coefficient (W/m?2K) Temperature (K)
Winter 1 No PCM 1.744 292.65
Winter 1 PCM 1 1.744 292.65
Winter 1 PCM 2 1.744 292.65
Winter 2 No PCM 1.744 294.5
Winter 2 PCM 1 1.744 294.5
Winter 2 PCM 2 1.744 294.5

Initial Conditions and Simulation Time

The initial conditions and simulation time for the PCM Next to the Stud cases was exactly like the No
PCM cases. The 24- hour temperature profiles were run consecutively for 3 days. The identical heat flux
profiles of day 2 and day 3 that were obtained as an output were used to ensure that the simulation

results were independent of the initial condition.
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Solver Settings and Mesh Quality

The SIMPLE scheme was used for pressure-velocity coupling. A second-order implicit scheme was used
for the transient formulation. The use of an implicit scheme ensures there was no possibility of the
calculations becoming unstable and this also provides greater flexibility in selecting the time step size.
The time step used in these simulations was 300 seconds and the solutions were recorded after every 2-
time steps. The total number of elements in the mesh was 7697200, maximum skewness of the mesh

was 0.214, and average skewness of the mesh was 0.015.

Results

Figure 66 show variation of the outer wall surface temperature variation over the 24-hour cycle and this
is imposed as a boundary condition on all these cases. Between 0-7.5 hours the outer wall surface
temperature remains almost constant around 281K and after 7.5 hours the temperature starts rising
quickly and this is the impact of the solar radiation hitting the outside wall. The outer wall surface
temperature peaks at 13.33 hours and has a value of 308.5K. Beyond this the temperature continuously
drop until 24-hours but shows a more rapid decent up to 17 hours and then drops gradually to 281K.

This is the outer wall surface temperature for all the PCM Next to the Stud Winter cases.
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Figure 66. Comparison of outer wall surface temperature profiles between Winter 1 No PCM, Winter 1 PCM 1, Winter 1 PCM 2,
Winter 2 No PCM, Winter 2 PCM 1, and Winter 2 PCM 2 with PCM Next to the Stud wall model

The inner wall surface temperatures have been shown in Figure 67 and Figure 68. The inner wall surface
temperature was not imposed as a boundary condition and thus, the inner wall surface temperature
used in the plots is an area weighted average temperature. It can be seen clearly that the trends Winter
1 and Winter 2 are very similar. The Winter 1 cases have a lower average temperature than Winter 2. In
both Winter 1 and Winter 2, the behavior of the No PCM case and the PCM 1 case is very similar and no
impact of the adding PCM 1 is reflected on the inner wall surface temperature. Between 0-8.5 hours the
inner wall surface temperature drops and between 8.5-16.5 hours the inner wall surface temperature
rises and then beyond 16.5 hours it drops again and this trend is seen in Winter 1 No PCM, Winter 1
PCM 1, Winter 2 No PCM, and Winter 2 PCM 1. The behavior of the PCM 2 cases is however significantly
different. In these cases, between 0-9 hours the inner wall surface temperature decreases and between

9-16.5 hours the inner wall surface temperature increases. The increase in temperature between 9-16.5
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hours for the PCM 2 cases is lower than the No PCM and PCM 1 cases and this can be attributed to the
higher heat capacity of PCM 2. Between 16.5-20 hours the inner wall surface temperature of Winter 1
PCM 2 drops but at a much lower rate than the Winter 1 No PCM and Winter 1 PCM 1 cases. Similar

trends can be seen between 16.5-21.5 hours in the Winter 2 cases.
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Figure 67. Comparison of inner wall surface temperature profiles between Winter 1 No PCM, Winter 1 PCM 1, and Winter 1 PCM
2 with PCM Next to the Stud wall model
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Figure 68.Comparison of inner wall surface temperature profiles between Winter 2 No PCM, Winter 2 PCM 1, and Winter 2 PCM
2 with PCM Next to the Stud wall model

In these cases, the PCM is not located at the inner wall surface and thus, to better understand the
impact of the PCM the PCM mass averaged temperature variations through the 24-hour cycle are shown
in Figure 69. The Winter 1 PCM 1 and the Winter 2 PCM 1 cases vary through a wide range of
temperatures from approximately 286K to 297K. The Winter 2 PCM 1 variation is like Winter 1 PCM 1
but has a higher average temperature and this can be attributed to the higher freestream temperature
in the Winter 2 case. Similarly, Winter 1 PCM 2 and Winter 2 PCM 2 show a similar trend with Winter 2
PCM 2 having a higher temperature throughout the 24-hour cycle. The temperature inside the PCM 2
varies from 286K to 294K. The temperature fluctuations inside PCM 1 and PCM 2 are significantly higher
than the corresponding inner wall surface temperatures and this shows that at this location the PCM is
more strongly affected by the outdoor conditions. PCM 2 has a melting range from 294.15-294.95K and

thus, when the mass averaged temperature of PCM 2 reaches close to 294K some portion of PCM 2
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starts melting. This partial melting of PCM leads to a higher mass averaged heat capacity and this can be
understood by looking at Figure 44. Thus, due to the increased mass averaged heat capacity the mass

averaged temperature of PCM 2 never goes beyond 294K in these cases.
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Figure 69. Comparison of PCM mass-averaged temperature profiles between Winter 1 PCM 1, Winter 1 PCM 2, Winter 2 PCM 1,
and Winter 2 PCM 2 with PCM Next to the Stud wall model

Figure 70 and Figure 71 show the inner wall surface heat flux variation throughout the 24-hour cycle for

all the different cases. Similar to the inner wall surface temperature the inner wall surface heat flux and

the outer wall surface heat flux both are area weighted average values. Comparing the Winter 1 No PCM
and Winter 2 No PCM between 0-13.5 hours and between 19.5-24 hours the heat flux entering the inner
wall surface from inside the house is greater in the Winter 2 case. Additionally, the heat flux leaving the

inner wall surface and entering the house between 14.5-19.5 hours is higher in the Winter 1 case.

Comparing the PCM 1 cases with the corresponding No PCM cases it can be clearly seen that the inner
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wall surface heat flux trends are very similar between the two cases. The PCM 1 cases show a slightly
higher heat flux entering the inner wall surface from inside the house between 0-14.5 hours. Winter 1
PCM 2 shows significantly different behavior than Winter 1 No PCM and Winter 1 PCM 1. The heat flux
entering the inner wall surface from inside the house between 0-14.5 hours in the Winter 1 PCM 2 case
is higher than the other Winter 1 cases. The heat flux leaving the inside surface and entering the house
lasts for shorter duration and the total heat traveling in this direction in the Winter 1 PCM 2 case is
smaller than the Winter 1 No PCM and Winter 1 PCM 1 cases. Similarly, Winter 2 PCM 2 shows a much
different behavior than Winter 2 No PCM and Winter 2 PCM 1. In the Winter 2 PCM 2 case the heat flux
is always travelling to the inner wall surface from inside the house and this is not desirable. As
previously discussed, the goal of adding PCM in Winter is to increase the heat flux leaving the inner wall
surface and entering the house. While analyzing the graphs this translates into having a higher negative
flux and ensuring it lasts for a longer period. Throughout the 24-hour cycle the heat flux is positive for
longer periods of time than it is negative and thus, in a cumulative sense this means a wall configuration
with lower value of heat flux integrated over the 24-hour cycle is a more energy efficient option. The
total heat entering the inner wall surface from inside the house is 168045 J/m? for Winter 1 No PCM,
175990 J/m? for Winter 1 PCM 1, and 227028 J/m? for Winter 1 PCM 2. Comparing these values it can be
easily understood that adding the PCM Next to the Studs is not a good option especially for if the PCM is
PCM 2. In Winter 1 PCM 2 case, the total heat entering the inner wall surface from inside the house is
35% higher than Winter 1 No PCM and thus, more energy will be spent in maintaining a freestream
temperature of 292.65K if PCM 2 is added next to the studs. The total heat entering the inner wall
surface from inside the house is 230937 J/m? for Winter 2 No PCM, 241888 J/m? for Winter 2 PCM 1,
and 310989 J/m? for Winter 2 PCM 2. In the Winter 2 PCM 2 case, the total heat entering the inner wall

surface from inside the house is 34% higher than Winter 2 No PCM if the PCM 2 is added next to the
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studs. Thus, adding PCM Next to the Studs is not at all an energy efficient solution instead it will increase

the energy consumption spent on heating the house during Winter.
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Figure 70.Comparison of inner wall surface heat flux profiles between Winter 1 No PCM, Winter 1 PCM 1, and Winter 1 PCM 2
with PCM Next to the Stud wall model
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Figure 71. Comparison of inner wall surface heat flux profiles between Winter 2 No PCM, Winter 2 PCM 1, and Winter 2 PCM 2
with PCM Next to the Stud wall model

Figure 72 shows the outer wall surface heat flux variation over the 24-hour cycle. The outer wall surface
heat variation of all the cases is very similar and this trend has been consistently observed in all the

different wall configurations.
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Figure 72. Comparison of outer wall surface heat flux profiles between Winter 1 No PCM, Winter 1 PCM 1, Winter 1 PCM 2,
Winter 2 No PCM, Winter 2 PCM 1, and Winter 2 PCM 2 with PCM Next to the Stud wall model

PCM 1 and PCM 2 show significantly different behavior at the two locations investigated in this chapter.
From all the different cases investigated in this chapter the cumulative heat entering the inner wall
surface from inside the house always increases and thus, more energy is consumed in each case. The
cumulative heat entering the inner wall surface from inside the house for PCM 1 increases by 7.9% in
Winter 1 and 7.6% in Winter 2 for the PCM inside Insulation + Stud layer. The cumulative heat entering
the inner wall surface from inside the house for PCM 2 increases by 0.13% in Winter 1 and 14% in
Winter 2 for the PCM inside Insulation + Stud layer. Indicating that for this location PCM 2 behavior is
highly sensitive to freestream temperature. The cumulative heat entering the inner wall surface from
inside the house for PCM 1 increases by 4.7% in Winter 1 and 4.7% in Winter 2 for the PCM Next to
Studs. The cumulative heat entering the inner wall surface from inside the house for PCM 2 increases by

35% in Winter 1 and 34% in Winter 2 for the PCM Next to Studs. Thus, for PCM Next to Stud location the
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performance of PCM 2 is much worse than PCM 1. But even in the case of PCM 1 the cumulative heat
entering the inner wall surface from inside the house increases and thus, does not reduce energy

consumption.
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Conclusions

In this research work, a typical California residential wall in Climate Zone 9 was simulated under three
representative days of Winter, Summer, and Shoulder using temperature boundary conditions on both
walls and under two representative days of Winter and Summer using inner wall convection and outer
wall temperature boundary conditions. Based on the comparisons of the results it was found that the
Blended Wall model results agreed better with the EnergyPlus results than the Full Wall model. This can
be attributed to the Blended Wall model being an exact replica of the wall model used in EnergyPlus.
Based on these findings and for reducing the computational effort all PCM integrated wall models were

simulated using the Blended Wall model.

PCM 1 was modeled using the solid Cp curve approach and the specific heat versus temperature curve
was broken into 17 second order polynomials to accurately capture the PCM 1 melting behavior.
Increasing the quantity of PCM 1 integrated in the wall model showed impacts on the temperature and
heat flux values but no significant impact was observed. The heat flux at the inner wall surface showed
that adding PCM 1 did not reduce the energy consumption of heating for the Winter day and Shoulder
day but a reduction of cooling energy was observed in the Summer day. Based on the comparison of
EnergyPlus and ANSYS Fluent results it was found that the default mesh resolution used in the
EnergyPlus simulations led to the temperature gradient within PCM 1 to be not accurately captured.
This was confirmed when two EnergyPlus models with different mesh resolutions and all other

parameters being the same showed different results.

A validation study was carried out and it was able to successfully predict the solid-liquid interface
location as a function of time. The enthalpy porosity approach was used in these simulations but due a
lack of viscosity data for PCM 2 the solid Cp curve approach was used for PCM 2 as well. The specific

heat versus temperature curve was constructed in the form of a trapezium and this form was used in all
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the PCM 2 wall model simulations. Adding PCM 2 to the inner wall surface for Winter slightly increased
the heating energy consumption. For Summer adding PCM 2 slightly reduced the cooling energy

consumption.

Both PCM 1 and PCM 2 were tested for two more locations for Winter. The first location tested was PCM
cubes equally distributed inside Insulation + Stud layer and the second located testes was PCM Next to
Studs. Based on the results, it was observed that for PCM inside Insulation + Stud layer adding PCM 1
had no impact but PCM 2 increased the heating energy consumption. The freestream temperature was
an important parameter that drastically affected heating energy consumption when PCM 2 was placed
inside Insulation + Stud layer. For PCM Next to Studs the heating energy consumption increased in both

PCM 1 and PCM 2 cases but a higher increase was seen in PCM 2 case.

This study shows that adding PCM to wall envelope is not always beneficial and needs a thorough study
accounting for PCM properties, climatic conditions, and occupant behavior to make sure energy efficient

solutions are developed.
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