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Latent thermal energy storage use Phase Change Material (PCM) because of its ability to
absorb or release a large amount of latent heat within a narrow temperature range. The low
conductive heat transfer in PCMs can be improved with thermal enhancement techniques such as
the addition of highly conductive metal foams and extended surfaces like fins or periodic metal
structures within the PCM domain. High-order modeling tools like Computational Fluid Dynamics
(CFD) are widely used for the simulation of different types of PCM heat exchangers (HXs). High
computing costs are typically associated with CFD, particularly for the complex transient phase-
change processes. This becomes restrictive in some applications such as PCMHX optimization
where the conventional process is limited by the computational cost of the high-order physics
models. A simulation tool with a faster turnaround is necessary for such cases, even if it comes
with a small accuracy penalty. Resistance-capacitance based model (RCM) can be a suitable
solution for this type of problem as the model is computationally inexpensive. RCM does not solve

for the mass and momentum governing equations as in CFD, but can still predict the PCMHX



characteristics with reasonable accuracy, especially for configurations where conduction is the
dominant heat transfer mechanism. This work presents the development of RCMs for four types
of PCMHXs which are a rectangular PCM enclosure enhanced with copper foam subject to
constant heat flux, a geometry enhanced with 3D lattice structures subject to constant heat flux, a
cylindrical PCMHX with annular fins and tube in conjugate heat transfer with single-phase heat
transfer fluid and a cylindrical PCMHX with annular fin and tube enhanced with copper foam. In
all these geometries the effect due to the flow of molten PCM can be considered negligible and
the geometries are regarded as structured. The models were validated against experimental data
and compared against CFD models for computational cost and prediction accuracy. Both of the
models predicted the energy storage within 0.8% of the experimental data for the rectangular PCM
enclosure enhanced with copper foam. For the cylindrical PCMHX with annular fins, the
maximum RMSE for average PCM temperature prediction was found to be 0.62K for CFD and
0.7K for RCM. These results show that RCM can predict the average temperature profile and
energy storage up to 5 orders of magnitude faster than CFD while having negligible prediction
deviation. The validated model for annular finned PCMHX is used with a multi-objective genetic
algorithm to optimize a PCMHX integrated with a domestic water heater. Additionally, thermal
Ragone plots were generated to compare different designs at various operating conditions which

can be used for optimal design selection.
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Chapter 1 Introduction

The energy consumption worldwide is predicted to grow by approximately 50%
between 2018 to 2050 [1]. Heating, ventilation, and air conditioning (HVAC) accounts
for 38% of building energy consumption, equivalent to 12% of global energy[2]. Due
to this additional energy demand, the grid-demand response becomes more challenging
and there will be higher carbon emission with traditional fossil fuel-based energy
sources. Renewable energy such as wind and solar will play a significant role in
reducing carbon emissions but they have intermittency. Energy storage is a necessary
component to address such challenge. In addition to smoothing the variability in
renewable energy production, storage technology can also provide backup or standby

power that comes from fossil fuel sources.

600 +

S

Storage Capacity / (kWh/m?)

N i D

0 25 50 75 100 125 150 175 200
Temperature / °C

Figure 1: PCM Storage Capacity and Target Application Range [3]



Thermal energy storage (TES) is a promising technology due to its lower cost
and environmental impact compared to other technologies [4]. In TES, energy can be
stored in the form of sensible or latent heat, or thermochemically. Thermochemical
energy storage can be a promising technique but the high transition temperature in this
technology is out of range for HVAC related applications as shown in Figure 1.

The sensible and latent energy systems are considered mature technology and
has been widely researched [5]. The main advantage of latent system over sensible is
its high energy density and the capacity of storing a large amount of energy within a
small temperature range. Latent thermal storage use phase-change materials (PCMs) to
absorb or release latent heat in a narrow temperature range. PCM heat exchangers
(PCMHXs) can offer an efficient way to reduce peak load by using the energy stored
in off-peak hours to offset the on-peak load partially or fully. The load shifting tries to
take advantage of the difference in electricity demands between different times of the

day as shown in Figure 2.

P
A

load after shaving

load before shaving

Figure 2: Schematic of load shifting control [6]



1.1 Literature Review

PCM energy storage models have been developed using both analytical and
numerical methods in the literature. Elgafy & Lafdi [7] provided an analytical approach
based on one-dimensional heat conduction in PCM enhanced with carbon nanofiber to
predict the effective thermal conductivity using the effective thermal resistance
approach. The study assumed that the carbon nanofibers are uniformly distributed. The
study only compares the effective thermal conductivity but does not compare the
transient temperature profile or the energy storage. Lamberg & Siren [8] provided a
simplified approximate analytical model for solidification in a rectangular PCM storage
with internal fins to predict the solid-liquid interface location and temperature
distribution of the fin. The model assumes a constant value for solidification
temperature and a constant wall temperature. In reality, PCMs have a solidification
range and the wall temperature is not necessarily constant in most of the cases. The
analytical solution is comprised of the Neumann solution [9] for the solid-liquid
interface location and a derived analytical solution for the temperature distribution of
the fin.

Shamberger [10] defined a figure of merit (FOM) of PCMs from the analytical
solution of the two phase Neumann-Stefan problem [11] with constant wall boundary
condition. The FOM depends highly on the PCM thermophysical properties and is
defined with equation (1), where a is the thermal diffusivity, k is the conductivity, 1i is
the subscript denoting liquid phase and A is the solution to the transcendental equation

which describes the position of meting front [10].
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FOM can be used as an objective function for selection of material for

electronics based thermal management that require faster dynamic response. Yazawa

et al. [12] built on this study and used a lumped mass model for mapping different

materials showing power and energy tradeoff. FOM was used to compare the cooling

power capability of different PCMs and single-phase materials. FOM was also plotted

against energy density to graphically demonstrate performance tradeoff between

different materials as shown in Figure 3.
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Figure 3 : FOM against specific energy for different PCMs and single
phase materials [12]

Table 1. Thermophysical properties of PCMs and calculated FOM

Specific Thermal Latent . FOM Energy
g Density 9 Density
PCM Heat | Conductivity | Heat, (kg/m?) (W/K-m?*- (MJ/
(I/kg-K) (W/m-K) (kJ/kg) g s%9) md)
1800(s) 860(s)
RT35 2400(1) 0.2 160 770(1) 2391 130.4
1800(s) 0.2 (s) 850(s)
RT62HC 2400(1) 0.1() 230 840(1) 2134 194.4
RT35+
Copper g’ggﬁ)) 7.8 156.8 1;’3231((3) 16300 127.8
foam (2%)
ClimaSel 1.08(s)
39 3600 0.76(1) 145 1500 7178 217.5

4




Using the approach from Shamberger [10], a FOM and energy density can be
created for the PCMs that were used in this study as shown in Table 1.The first two
PCMs in the table are organic PCMs and the third one is a composite of 98% RT35 and
2% copper foam. The properties of the composite were calculated based on effective
porosity. The last row of the table is for an inorganic PCM ClimaSel32. From the table
and equation (1) it can be seen that the thermal conductivity is responsible for the
change in FOM and Shamberger reported that conductivity was responsible for 92.8%
of the variance in different materials [10]. In the table, the composite showed the
highest FOM but the lowers energy density as for incorporating the metal foams it lost
some PCM storage. This highlights the importance of thermal conductivity
enhancement for PCM based storage but also demonstrates the tradeoff between energy
and power.

The major advantage of analytical models is their ability to predict trends at a
low computational cost to accuracy’s detriment. Moreover, these approximate
techniques are generally limited to one-dimensional analysis and simpler domains.
Analytical solution does not exist for more complicated geometries, mushy interfaces

and other boundary conditions and numerical method is necessary.
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Figure 4 : Different Configurations of Cylindrical and Frustum-Shaped
PCMHX [13]

Numerical methods, such as finite difference, finite element and finite control
volume methods are more powerful in solving the complex multidimensional models.
The use of Computational Fluid Dynamics (CFD) is the most extensively found in
various heat transfer applications, including PCMHX’s [14], [15], [24]-[30], [16]-[23]
. Figure 4 shows some examples of different cylindrical and frustum-shaped PCMHX
configurations that were studied in the literature. The different color in the figure
indicates the domain of PCM storage area and the HTF flow. Figure 5 illustrates the
3D meshing of different PCMHX geometries created for CFD analysis.

CFD usually imposes high computation cost especially for complex problems
such as time-dependent phase-change processes. Bacellar et al. [31], [32] investigated
reduced order model using CFD-based correlations and reduced order domain for faster
evaluation of PCMHX. The results showed good match to the CFD simulations with 4
to 5 orders of magnitude less computational cost compared to CFD. But generating
correlations that cover a large design space can still be computationally expensive. In
certain applications, this may become prohibitive as such that a faster simulation engine

with a certain degree of accuracy penalty is acceptable and needed.



Figure 5: 3D meshing of a) Double pipe helical coil PCMHX [33] b)
PCMHX with spiral-wired tubes [27] c) Shell and tube PCMHX with heat

pipe[15]

Lattice Boltzmann method (LBM) is a mesoscopic numerical method [34]
which has been used to model heat transfer process in PCMHX. While CFD solves the
Navier-Stokes equations, LBM solves the Boltzmann equation [34] in discrete forms
and the implementation of this method can describe the fluid motion without solving
the Navier-Stokes equations. LBM can have 2 times lower computational cost [35] than
CFD due to the model using explicit scheme and local interactions. Consequently, this
approach has a very low communication ratio to run efficiently in parallel
supercomputers [36].

Liu and He [37] developed a LBM model for PCM melting in porous media
and verified the model with data from literature. Gao et al. [38] used an enthalpy-based
LBM for porous PCM melting with fins where the solid-liquid phase interface is
distinguished by calculating liquid fraction. Li et al. [39] proposed an axisymmetric
LBM for PCMHX solidification and validated their model by the experimental data

from Sparrow et al. [40]. The study also showed that LBM can be two orders of



magnitude faster compared to CFD. Chen et al. [41] developed a axisymmetric LBM
model for melting in a cylindrical heat exchanger with copper foam. The model was
validated from experimental data [42] and good match of experimental temperature and
predicted temperature was found. While LBM can be faster than CFD, most of the
PCMHXs simulated with LBM are comparatively simple and use constant temperature
or constant heat flow boundary conditions. The conjugate heat transfer between HTF
and PCM is usually not considered as the implementation of energy conservation
scheme in LBM is not straightforward. The pre-processing of input and post-processing
of output data is also complex in LBM. The twofold speed gain by using LBM may
still be restrictive for applications where faster turnaround is required and thus a faster
solver is needed.

An alternate approach is the resistances and capacitances-based models (RCM),
which has been used for developing building thermal models [43] and heat exchanger
modeling [44]. Unlike CFD or LBM, RCM does not solve for the high-order physics
which means the continuity and momentum equations. The model only solves for the
energy balance equation and thus have significantly less computational cost. The PCM
domain is represented with thermal resistance and capacitance [45]-[49] and an
example is shown in Figure 6 which represents a RC network representation for a
shape-stabilized PCM slab. This method can provide good estimation of heat transfer
rate and energy storage. Gao et al. [47] reported that the average error of surface
temperature and heat flux predictions are 0.42°C and 15% respectively when compared
to experimental data for a shape-stabilized PCM slab. Mirzaei et al. [49] compared their

model against CFD and the obtained mean errors for solidification and melting process



were found to be 0.11 K and 0.44 K respectively. These models are 1D and assume

conduction as the dominant heat transfer mechanism..
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Figure 6: Schematic of the RC network of Shape-Stabilized PCM Slab [47]

Pan et al. [50] introduced an approach which they named Layered Thermal
Resistance (LTR) for PCMHX solidification simulation in multi-dimensions with and
without fins. The model assumes a quasi-steady heat conduction approach. The liquid
PCM is assumed to be solidified layer by layer and once a layer is fully solidified the
solidification front moves to the next layer as shown in Figure 7. The total solidification
time of the domain is estimated by summing up the solidification times of all the
different layers. When compared to a CFD model it was first found that the LTR model
overestimated the solidification time by 50-60%. A regression model was later used to
find a tuning parameter from the CFD model to tune the resistance in LTR. The model
was verified with a CFD model after the tuning. However, this tuning with the

configuration and operation specific correction factor limits its applicability.
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Figure 7: 1D Layered Thermal Resistance solidification front [40]

Parsazadeh et al. [51] proposed an improved LTR model for better prediction
of the solid-liquid phase change process. Unlike the original model, this improved
model considered transient heat conduction in each layer and did not use a tuning
factor. The new model showed better predictions of solidification time than the
previous model for large Stefan numbers (ratio of sensible-to-latent heat). The higher
Stefan number indicates more sensible heat utilization which means higher degree of
superheating or subcooling.

Neumann et al. [52] proposed a simplified 2D RC-model for a flat plate PCM
energy storage. The model accounted for free convection during the melting process in
rectangular PCM gaps between the flat plates (Figure 8), based on CFD based
correlations developed by Vogel et al. [53]. According to VVogel et al. [53] the natural
convection effect is significant when the melting process reaches a critical liquid
fraction which is a function of the Rayleigh number (Ra) and geometry parameter A in

equation (2).
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Figure 8: Schematic of a) used flat plate b) top view of storage envelope c¢) 2D
computational domain for a PCM gap [42]

A is the ratio of PCM gap (b) and the gap height (H) as shown in Figure 8c. If
the liquid fraction (f) was lower than the critical liquid fraction ferit, the heat transfer in
the RC-model was defined by only heat conduction. If the liquid fraction goes over the
critical value a reduction factor € is used to add the effect of natural convection in the
model as shown in equation(3). These equations are developed for rectangular PCM

gaps in flat plate PMCHX and may not be valid for other configurations.

4/150A
ferie = Ra @)
11
1 for RasA 4+ < 2.73
€= ©)

1 1 1 1
0.57 (RaEA_Z) —0.38 for RaéA 4 = 2.73

Neumann et al. [52] validated the RC-model with a finite element model
(FEM), and reported that the mean deviation of the outlet fluid temperature and PCM

temperature between both models were 0.62Kand 0.85K, respectively. The simulation
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time for the RC model was reduced by 20-30 times compared to the FEM. This study
considered a geometry where the motion of liquid PCM is significant. But for
geometries where the flow of molten PCM is negligible, the natural convection effect
can be considered less dominant and be dismissed in favor of computational speed

gains [31].

Figure 9: PCMHX with a) Cylindrical Aluminum Metal Foam [54] b)
Cylindrical Copper Metal Foam [42] c¢) Rectangular Copper Metal Foam [55]

A simple way for thermal enhancement in PCMHX is embedding porous
materials with high thermal conductivity like metal foam. This method has been
explored widely both experimentally [28], [54]-[57] (shown in Figure 9) and with CFD
based numerical methods in different studies [16], [19], [28], [30]. The presence of
high conductivity metal foam in this geometry means that the flow of molten PCM is
restricted and the heat transfer is largely diffusion based. The effect of buoyancy can
be neglected in this type of geometry which makes it very suitable for simplified solver
like RCM. However, RCM for this type of geometry has not been discussed in

literature.
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Another type of thermal enhancement technique is adding periodic metal
structures to the PCMHX container as shown in Figure 10. In contrast to metal foam
enhancement, the porosity (ratio of metal and PCM volume) is not uniform everywhere
in this structure. To develop RCM for this type of structures, a scheme is required to

find the porosity in each segment which has not been discussed in literature.

Figure 10: Periodic Structured Enhancements for PCMHX [58], [59]

Enhancing PCM thermal conductivity by adding fins in cylindrical PCMHX
been widely studied in the literature with both experimental [17], [25], [60] and CFD
based numerical studies [23], [25], [26], [29]. Again, the presence of conductive fins
and limited space between the fins and the container in this type of geometry makes it
suitable to be studied with simplified models like RCM but was not explored by the
researchers.

Different PCMHX modeling approaches covered in this review are summarized
in Table 2. Table 3 briefly summarizes different PCMHX modeling approaches based

on the accuracy, computational cost and the ability to solve complex geometries.
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Table 2: Summary of Different Modeling Techniques

Author Model Type | Software | Dimension Validation
Elgafy & Lafdi [7] Analytical NA 1D Yes. Experimental
Lamberg & Siren [8] | Analytical NA 1D No
Ansys .
Longeon et al. [20] CFD FLUENT 2D Yes. Experimental
Ansys Yes. Data from
Puetal. [23] CFD FLUENT 2b Longeon et al. [20]
Ansys Yes. Data from
Zhang etal. [29] CFD FLUENT 2D Longeon et al. [20]
Yes. Data from Tay
Tay et al. [24] CFD Ansys CFX 3D et al. [62]
Ansys .
Duan et al. [63] CFD FLUENT 3D Yes. Experimental
Ansys .
Yang et al. [26] CFD FLUENT 2D Yes. Experimental
Simple
Jian-you [64] iterative NA 1D Yes. Experimental
model
- Ansys .
Al-Abidi et al [14] CFD FLUENT 2D Yes. Experimental
Ansys .
Mat et al. [22] CFD FLUENT 2D Yes. Experimental
Mahdi & Nsofor CED Ansys °D Yes. Data from
[65], [66] FLUENT Esapour et al.[16]
Ansys .
Youssef et al. [27] CFD FLUENT 3D Yes. Experimental
- Ansys Yes. Data from
Ebrahimi et al. [15] CFD FLUENT 3D Elgafy et al. [5]
. Ansys .
Mahdi et al. [21] CFD FLUENT 3D Yes. Experimental
Ansys .
Koukou et al. [18] CFD FLUENT 2D Yes. Experimental
Ansys Yes. Data from
Huetal. [67] CFD FLUENT 2D Akgiin et al. [68]
. Ansys Yes. Data from
Faghani et al. [69] CFD FLUENT 2D Assis et al. [70]
Assis et al. [70] CFD Ansys 2D Yes. Experimental
' FLUENT '
Ansys Yes. Data from Al-
Zhao etal. [71] CFD FLUENT 2D Abidi et al. [72]
Najafian et al. [73] - TRNSYS 2D No
Righetti et al.[74] - TRNSYS 2D Yes. Experimental
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. Yes, Data from Du
Dhumane et al. [75] - Modelica NA et al. [76]
. Yes, Data from Du
Dhumane et al. [77] - Modelica NA etal. [78]
Prom;)lp[%t]“m et CFD COMSOL 2D Yes. Experimental
Zhang et al. [80] CFD COMSOL 2D Yes, Experimental
Calvet et al. [81] CFD COMSOL 2D Yes. Experimental
Ansys
Bacellar et al. [31] CFD FLUENT 2D NA
Ansys

Bacellar et al.[32] CFD FLUENT 2D NA
Velraj et al.[82] FDM NA 1D Yes. Experimental
Ismail et al.[83] FDM NA 1D Yes. Experimental
Erek et al. [84] FDM FDM 2D Yes. Experimental

Liu & He[37] LBM NA 2D No

Gao et al. [38] LBM NA 2D No

: Yes. Data from

Lietal. [39] LBM NA 2D Sparrow et al. [40]

Liu et al. [85] LBM NA 2D No

Yes. Data from

Chen et al.[41] LBM NA 2D Martinelli et al.[42]
Zhu et al. [45] RCM NA 1D Yes. Experimental
Bontemps et al. [46] RCM TRNSYS 1D Yes. Experimental
Gao et al. [47] RCM NA 1D Yes. Experimental

Stupar et al. [48] RCM NA 1D No

Mirzaei et al. [49] RCM NA 1D No
Neumann et al. [52] RCM NA 2D Yes. Experimental

Table 3: Comparison of PCMHX Modeling Approaches

) Computational
Approach Physics Order Accuracy
Cost
Analytical Low Low Low
RCM Low Medium Low
LBM High High High
RCM High Very High Very High
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Predicting the temperature profile and energy storage with numerical models is
difficult without accurate knowledge of PCM thermophysical properties. Specific heat,
density, latent heat, and thermal conductivity are typically available from manufacturer
datasheet, while others such as thermal expansion coefficient, viscosity and melting
temperature range are seldom included. Several studies have discussed the impact of
the commonly available thermophysical properties in PCM-based simulations [86]—
[88]. However, the literature lacks a more holistic discussion of the impact of thermal
expansion coefficient (B), viscosity (u) and the melting range on the PCM-HX
performance. In the literature, for some PCMs these values can be found but they are
not always consistent across references. For instance, the reported values of f and 1 as
reported in different literatures can vary by a whole order of magnitude, as shown in
Table 4.

Table 4: Properties of PCM RT35 from Different Literature Sources

Source S U Latent Heat
(1/K) (kg/m-s) (kJ/kg)

Pu et al. [23] 0.001 0.0029 157

Longeon et al. [20] 0.001 0.0027 157

Ebadi et al. [89] 0.0006 0.023 160

Rahimi et al. [90] 0.0006 NA 170
Manufacturer

Datasheet [91] NA NA 160

None of these papers mention any experimental or calculation procedure for
estimating these parameters. Some of the variations in the data may also be attributed
to editing or typos but without a literature source or any calculation procedure it is
difficult to confirm this hypothesis are generally determined using specific instruments

which are not always accessible and can be an expensive process both in cost and time.
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To the best of the author’s knowledge, there is no simple method to estimate these
values for different PCMs. This is a significant gap in the research for the numerical
modeling of PCMHX which needs more in-depth discussions, which however, are
beyond the scope of this work.

Lin et al. [92] studied integration of PCM in HVAC system for a solar decathlon
house and used an analytical model with particle swarm optimization for optimized
geometric and operation variables for maximum energy density. They reported an
energy density improvement from 13.58 to 26.47 kWh/m? with optimized designs.
Malik et al. [93] studied solar still desalination system with PCM and used an analytical
model with multi-objective genetic algorithm (MOGA) for optimized PCM mass and
brine water flow rate for maximum exergy efficiency and distilled water rate. The
exergy efficiency increased about 1.47% and annual distilled water increased by
4.35%. Zhou et al. [94] optimized for mass flow rate and inlet temperature of water in
PCM integrated system with PV to maximize overall output energy in five regions in
China. This study used MOGA and artificial neural network for optimization and
reported an increase in overall output energy by up to 7.4% in Kunming. Najafian et
al. [73] studied integration of PCM in domestic water heater with MOGA and artificial
neural network with TRNSYS and optimized for best location for PCM containers in
water tank and PCM mass. These optimization studies are mainly performed with low
accuracy models and did not look into the optimization of heat exchanger geometry.
Yang et al. [26] used a CFD based model to study the effect of fin thickness and fin
numbers on PCM melting rate in an annular finned PCMHX but due to high

computational cost the study did not perform a full optimization.
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Summarizing, analytical solutions have been mainly explored as simple 1D
models and the solution procedure can get difficult for multidimensional and more
complex geometries. Numerical models like CFD have been widely used in the
literature for PCMHX simulation but the computational cost associated with this
modeling approach is expensive due to the phase change process being intrinsically
transient. along with the uncertainty of PCM thermophysical properties and its effect
on these simulations have not been extensively discussed. LBM is a promising
modeling approach; however, it has been usually applied to simple PCMHX geometries
with constant temperature and heat flux boundary condition and the computational cost
may still be prohibitive. RCM can provide significant speed increase and is suitable for
tasks where rapid simulation is needed. The modeling of natural convection may not
be necessary for PCMHX geometries with metal foams and fins which can be
considered structured. These geometries are suitable to be studied with simplified

models like RCM but has not been explored much with this approach.

1.2 Research Gaps

CFD is widely used for numerical studies of PCMHX but can be
computationally expensive and this cost is not typically mentioned in the
literature. There is also uncertainty regarding the accuracy of PCM thermophysical
properties and their consistency across the literature. CFD-based studies have not
extensively discussed the effects of thermophysical properties that are less frequently
available. In order to optimize PCMHX simulation performance, accuracy, and

computational cost, it is necessary to understand which heat transfer mechanism is
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dominant and which one can be ignored for simulation speed gain with negligible
penalty in accuracy.

High accuracy with a simplified modeling approach like RCM is possible when
the effect of buoyancy in PCM can be considered negligible and modeling the natural
convection can be disregarded for simulation speed. This assumption can be made for
structured PCMHX with thermal enhancements like highly conductive metal foams,
periodic structures, and fins. These techniques to deal with low PCM thermal
conductivity has been widely used but RCM for these types of geometries has not been
explored extensively. In most RCMs, the boundary conditions tend to be constant
temperature and heat flux, and there are not many validated models with conjugate heat
transfer between HTFs and PCM. The literature also lacks discussion on systematic
design optimization workflow for PCMHX optimization using RCM and multi
objective optimization.

1.3 Objectives

The objectives of this study are to:

e Quantify the impact of uncertainty in thermophysical properties on
performance prediction of PCMHX
e Develop a flexible, computationally efficient, and accurate model for common

PCMHX
e Demonstrate application of RCM for design optimization of PCMHX and

evaluate computational efficacy
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1.4 Thesis Organization

The rest of the thesis is organized as follows. In Chapter 2, the development of
CFD and RCM models for different PCMHX is discussed. Chapter 3 discusses the CFD
computational cost and the effect of some PCM thermophysical properties on CFD-
based simulations. Chapter 4 shows the RCM model validations and also contains the
comparison of speed and accuracy between RCM and CFD. In Chapter 5, the
applications of RCM are demonstrated with an optimization study, Ragone plot
generation, and web tool development. Finally, Chapter 6 summarizes the work, lists

the contributions and recommends future work.
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Chapter 2 Modeling Approach

2.1 CFD Modeling
2.1.1 PCMHX Geometries

Annular PCM storage is a common technique for storing latent energy and has
been investigated extensively by researchers for both experimental and numerical
studies. These devices are made up of two concentric cylinders where the heat transfer
fluid (HTF) flows through the inner tube and the PCM fills up the annular space. Ismail
and Abugderah [95] and Trp et al. [96] modeled these devices by removing the HTF,
the tube wall domain and only taking diffusion as a heat transfer model in the PCM
domain for simplification. While these studies provide simple numerical solution, they
do not consider the effect of natural convection in the PCM domain. It has been
experimentally shown by Ettouney et al. [97], Agyenim et al. [98], Hosseini et al. [99]
and Longeon et al. [20], that the natural convection plays a major role in the melting
process of PCM when the flow of liquid PCM is not constrained. Numerical studies by
Mesalhy et al.[100] , Longeon et al. [20], Hosseini et al. [101] and Pu et al.[23] have
discussed the necessity of considering natural convection for fitting the models with
experimental results for setups where PCM can flow.

Predicting the effect of natural convection in a model can be difficult as the it
depends on PCM thermophysical properties, gravitational forces, thickness of liquid
PCM layer and the flow direction of HTF. One of the major challenges in modeling
phase-change process in CFD, is the lack of information regarding thermophysical

properties of PCMs, e.g., melting temperature range (typically not a single melting or
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solidification point, viscosity and thermal expansion coefficient. These can have
critical impact on the buoyancy and heat transfer predictions when natural convection
is not negligible like in a configuration without any thermal enhancement. For
configurations with fins and copper foam the effect of natural convection may be

negligible due to restriction to the flow of liquid PCM.
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Figure 11: Computational domain of- cylindrical PCMHX with straight
tube a) with no fins b) with annular fins c) with annular fins and copper foam
and d) rectangular PCM enclosure enhanced with copper foam [55]

In this study CFD based numerical models were studied for four different
PCMHX configurations and three of those are based on a cylindrical PCMHX with
straight tube and PCM in the annular space. The geometries are- a) non-finned b)
annular finned c) annular finned and copper foam, as shown in Figure 11. All these

geometries had conjugate heat transfer with single-phase heat transfer fluid.
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Additionally, another CFD model was studied which was a rectangular PCM enclosure
enhanced with copper foam (Figure 11d) subject to constant heat flux.

A complete 3D model considering the conjugate heat transfer between working
fluid and PCM, is computationally too intensive to solve in CFD. In the literature, this
type of problem is often solved by reducing it to a two-dimensional axisymmetric
domain (Figure 11). In this work, such a model was analyzed in ANSYS Fluent 2019

R3.

2.1.2 Governing Equations

The solidification and melting module in ANSY'S Fluent is used to simulate the
phase-change process of PCM which uses the Enthalpy-porosity model [102], [103].
Natural convection is taken into consideration during PCM melting process using
Boussinesq approximation [19], [20], [30]. The thermophysical properties of the HTF,
fin and foam materials are constant. The specific heat of PCM is set as piecewise linear
function of temperature All the other properties of the PCM were assumed constant.
The governing equations to describe flow and heat transfer of the PCM and HTF are
given as-

The continuity equation is written as:

op 0 0
p  O(pw)  9(pv) _ )
Jat dx dy

The momentum equation can be written as,

0 0 0 aopP a (0 a (0
(pu) N (puu) N (puv) 0P H_(_u) H_(_ﬂ) +s, (5)
at dx dy 0x dx \0x dy \dy
9] d d apr a (0 d (0
(pv) N (puv) N (pvv) 9P +#_<_v) H_(_v) s, (6)
at 0x dy dy 0x \0x dy \dy
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where,

Sy, = Au (7
S, = Av+ pgB(T —T,) 8)
_C(1-LF? 9)

~ LF?2+¢

p is the PCM density, g is the gravitational acceleration, B is the thermal
expansion coefficient, C is the mushy zone parameter set as 10° and ¢ is a small constant
of 0.001. The Thermal Expansion Coefficient (5) and Melting Range (MR) are all part
of the momentum source term in the momentum equation and is required to model the
transition between solid and liquid phase. An increase in £ will proportionally increase
the buoyancy force and the impact of natural convection as shown in equation (8) . MR
dictates at what temperature the phase change process is complete. Increasing viscosity
() impacts the viscous force by slowing down the fluid motion, and thus reducing the
natural convection as shown in equation (5). Because of the phase change phenomena,
the buoyancy and viscous terms have more impact than the inertial terms. LF is the
liquid mass fraction and time required for LF to reach the value of 1 is defined as

melting time. LF is defined as:

0 T <T,

=l il T.<T<T 10

- TL_Ts s=4 =1L ( )
1 T>T,

The complete energy equation in its differential form is written as,

0(pT) , (puT) , 3(pvT) _ 0 (k 0T> 2 (k ZT) ' (11)
y

at ox dy  oax\ oax) ' ay
S is the source item in PCM region which is defined as-
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s = —pan L0 (12)

where AH is the latent heat of PCM, k is the PCM conductivity.

The enthalpy (h) can be described as-

‘ T
f cpdT T <T;
T;

T

Ts
h =1 fcpdT+LF*AH T,<T<T, (13)
Ty
Ts T
f c,dT + LF + AH +fcpdr T>T,
\

Ty Ty

Here T. is the reference temperature which is 288.15 K. The energy equation solved

for the fins is-

(14)

o _ 9, 0T\ 0
PfinCp,finE—a( fin%)‘l'@ fl.ng_§

For the foam, the non-equilibrium porous medium model in Fluent is used.
Structure of porous medium is assumed to be homogeneous, isotropic and open-celled
between porous medium and PCM. The energy equation in the PCM and the foam can

be written by using equations (15) and (16) respectively.

dT Jd(puT) J(pvT) 0°T 09°T
ypep et —+ ay ez + a—yz) + +hyAs (Tr—T) +S  (15)
dT. 0°T 9°T
(1 - Y)pscp,s a_ts = kse(ﬁ + a_yz) + +hgeAgs (Ts - Tf) (16)

Here subscript s refers to metallic foam. y is the porosity, kre is the effective
fluid thermal conductivity, kse is the solid effective thermal conductivity, hs is inertial
heat-transfer coefficient between liquid PCM and porous foam and Ast is the area
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between PCM and porous foam. kfe . kse , hst and Ast are calculated based on the
equations by Esapour et al. [16].

The results from CFD models for different geometries discussed in this section
will be discussed later and will be compared against both experimental and RCM model

for validation and computational cost comparison.

2.2 Resistance Capacitance Based Model (RCM)

2.2.1 RCM Geometries

The RCM is lightweight compared to CFD as it does not solve higher-order
physics but still can provide good accuracy using an approximation of the thermal
resistance at a very low computational cost. In this study RCM has been developed for
four different PCMHX configurations and two of those are based on a cylindrical
PCMHX with straight tube and PCM in the annular space with enhancement. The
geometries are- a) annular finned b) annular finned and copper foam as shown in Figure
11. There geometries had conjugate heat transfer with single-phase heat transfer fluid.
Additionally, another RCM was studied for a rectangular PCM enclosure enhanced
with copper foam (Figure 11d) subject to constant heat flux.

Righetti et al. [58], [104] investigated PCMHXs with additively manufactured
aluminum structured ligaments in a lattice structure for thermal enhancement. Three
different geometries with different base pore sizes were added to the PCM and the
porosity was kept constant so as to compare the performance of designs with same
storage potential (i.e., volume of PCM). The addition of enhancement resulted in faster

energy storage and release in the PCMHX compared to a baseline design without the
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lattice structures. Higher number of ligaments with smaller diameter resulted in lower

melting times and more uniform temperature distribution.

40

Figure 12: Additively manufactured 3D periodic structures [104]

Figure 12 shows three different additively manufactured periodic structures
which were experimentally tested under different heat flux conditions [104]. The
porosity (ratio of PCM volume and container volume) for all the geometries was 0.95.
In our study we developed RCM for these three geometries.

In this work, RCM has been applied to such PCMHX geometries where
convection heat transfer within the liquid PCM can be ignored due to the presence of
conductive metal as fins and foam. The gravitational effects can thus be neglected as

the heat transfer will be mainly dominated by the high conductive heat transfer rate.

2.2.2 RCM Assumptions

The general assumptions in RCM for all the configurations are —
27



e Effects of natural convection are negligible and heat transfer is conduction-
dominated

e The properties of a given segment is constant and the entire segment can be
described by a point at the center of the segment

e The PCM, fins and foams are not considered as separate materials and an
effective medium was considered where the effective material properties are
calculated based on the volume of material present in a segment

e The effect of contact resistance is ignored

e No mass transfer in between segments

Apart from these assumptions, additional problem specific assumptions have

been made for individual configurations.

2.2.3 RC Network Development

Figure 13 shows the thermal network of heat flow in the 1D RCM
representation of the physical model for the rectangular PCM enclosure enhanced with
copper foam. The computational domain is discretized into equal-length segments and
each of the segments has the same resistance and capacitance as uniform porosity was

assumed. It was assumed that there was no heat loss from the walls.
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Figure 13: Thermal Network of 1D RCM for PCM with copper foam

Figure 14 shows the thermal network of heat flow in the RCM representation
for the 3D periodic structures. The computational domain is discretized into segments
of equal length and width, and each segment has an individual resistance and
capacitance in contrast to the previous geometry. The thermal resistance and

capacitance in each of the segments are dependent upon the porosity of the segment.
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Figure 14: Thermal network of 2D RCM for periodic structures

Figure 15 shows the thermal network of heat flow in the RCM representation
of the annular finned straight tube PCMHX. The computational domain is divided into
three separate zones which are the HTF or the tube side, the tube wall and the PCM
and fins zone. For the annular finned and copper foam configuration, PCM, fins and
foams are assumed to be a homogeneous material with the effective material properties

are calculated based on the volume of material present in a segment.
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Figure 15: Thermal Network of 2D RCM for Annular Finned PCMHX

The PCM and fin domain is discretized into equal-length segments in both
vertical and radial direction. The tube and the wall are only discretized in the vertical
direction. Each of the segments has individual resistance and capacitance. Heat transfer

between the tube and tube wall are calculated based on the laminar flow correlations

available in literature.

2.2.4 Non-uniform Porosity Calculation

For the 3D lattice structures, the thermal resistance and capacitance in each of
the segments are dependent upon the porosity of the segment which is not uniform. 2D
discretization of the geometries are shown in Figure 16. In the figure, the solid black

lines represent the metal structures, the dotted lines are grid lines and the white

background represents the PCM.
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40 mm 20 mm 10 mm

Figure 16: 2D discretization of periodic structures

Using the image processing capability of MATLAB [105], a program is set up
to read these images pixel by pixel. The number of white and black pixels in a grid
provides the face area of the lattice structure in a grid and the total face area of the grid
based on a 2D image. Porosity is a volume based (3D) calculation and equation was

used to convert the 2D area-based estimation to volume-based porosity.

Vpem,ij _ 1 Valioy,ij _ 1 Aalloy,i,j (Valloy,i,j AT j )

Yij = — .. —

Vrij Vrij Arij \ Vrij Aalloy, (7
Vaul Ar
=Y T _ —(.1643;
Vr Aalloy

The same approach is used to calculate the porosity for each segment in the

annular finned PCMHX.

2.2.5 Explicit Time Marching Formulation

The explicit time marching formulation is used to solve for the transient
temperature profile in the PCM domain and consequently the energy stored in the RCM
can be calculated. All the RCM for different configurations is solved using the same
methodology. Here, the explicit time marching formulation for the annular finned

PCMHX is shown as it is the most complex one.
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The thermal network parameters on the tube side can be calculated based on the

equations (18)-(21).

RT,i,t =7 (18)

Op;p = ——— "= L Wi, 19
T,l,t RT,l,t ( )
TT,i,t = Tw,ini i=1 (20)

Qric .
Trit = Trj-1c — = i>2 (21)

My, Cpw

The thermal network parameters on the wall can be calculated based on the

equations (22)-(27).

D
Min =2
R D (22)
WLR ™ 2mLk,,
. Twit — Twis1,e
Qw,it1t = l R = (23)
w,i,v
. Twit—Tioz
Op o0 = it~ Tioe (24)
W,it,R
ATy i t+1 _ QT,i,t + QW,i,t - QW,i+1,t - QP,i,O,t (25)
dt Cwit
dTy,
Twitrar = Tw,ic + ;;'l't - At (26)
R, .y = L/M
iV kw ] AN (27)
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The thermal network parameters on the PCM and Fins can be calculated based on the

equations (28)-(35).

([ Min Dl

P E—— =1
ZﬂLkeff for L=
Rpijr =1

Mlin D

K ZTZ'Lkeff

sfori>2

LM

RP1/V 1( fXA

0 sfori=1
Qijeo =1 Tim1je — Tije
Rpijv

(Tije—Tijr1e

;fori>2

;fori>1
0 _ Rpijv
Ljtl = _
J Ti,N,t Tamb 'fOT i=N
LIt amv, =
L Rpijv

dTl] t Ql} t,0 + Ql] t,1 Qi+1,j,t,0 - Qi,j+1,t,1

dt Cl,],t
i, t
7;,/', l’+1:7;',/} t clitj
Cs, T < T,
C {C + il
pem Tmelt - Tsol
k Cl; T > Tl

Ci,j, =1V Coem Premt(1-Y) Cay P/ Vi, j

T,<T<T,

(28)

(29)

(30)

31)

(32)

(33)

(34)

(35)

Here, i denotes a specific segment vertically, j is radially and t denotes a specific

time step. 0 and 1 are used to denote heat flow in vertical and radial direction

respectively. Total volume of a PCM and fin segment is denoted by V, area of a

segment is A, total height of the computational domain is L and W is the radial
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dimension in PCM and Fin domain. The domain is discretized into M x N segments.
R, C, Q, T represent the thermal resistance, thermal capacitance, heat flow and
temperature of a specific segment at time t respectively. PCM porosity is, vy, B
represents the liquid fraction, p, the density, and ke is the effective thermal

conductivity.
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Figure 17: Solver Flowchart for the RCM for Annular Finned PCMHX
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The explicit time marching formulation and the solver flowchart shown here
are for the annular finned PCMHX. Similar explicit time marching formulation can be
used for the other geometries. The changes in the equations and flowchart will be based
on the boundary conditions, the discretization dimensions and porosity calculations.
The detailed equations and individual solver flowcharts for the other geometries are

shown in the Appendix.
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Chapter 3 CFD Computational Efficiency and Effect of
Thermophysical Properties

3.1 CFD Computational Cost Study

Straight tube PCMHX is a simple heat exchanger geometry which will be used
to study the computational cost of CFD for a transient conjugate heat transfer problem
for a simple geometry. Here, PCM in charging (melting) and discharging
(solidification) processes will be simulated based on the process discussed on Section
2.1 to study the CFD prediction form PCM temperature profile and associated

computational cost.

3.1.1 Subject of Study

Longeon et al. [20] presented a detailed experimental study of melting and
solidification on a straight tube PCMHX (Figure 18a) which was used to validate the
CFD model. The geometry specification from this study is provided in Table 5. The
geometry was modeled as a conventional full-sized axisymmetric domain (Figure 18b)
as it has been done extensively in the literature (e.g., Pu et al. [23] and Zhang et al.
[106]). The temperatures at the three different thermocouples placed in the
experimental setup [20] will be used to validate the model. Figure 18c shows the
location of the thermocouples.

Table 5: Geometry Specifications

Dimension Unit Value
Tube Diameter - D¢ mm 15
Tube Wall Thickness - t mm 2.5
Tube Length - L mm 400
Tube Material - Stainless Steel
Container Diameter - D¢ mm 44
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3.1.2 Model Details and Settings

The HTF is water, flowing from top to bottom, at different temperatures for
melting and solidification processes. Paraffin RT35 by Rubitherm GmbH [91] is used
as the PCM. The corresponding Reynolds number for the tube flow is 146 [20] and
hence a laminar flow model was used. The uniform initial temperature conditions are
22 °C for melting and 40 °C for solidification. As seen from Figure 18b the upper and
lower container walls are modeled as adiabatic and the left side of the container is used
as an axis for the symmetry. Heat loss to ambient through container side wall is
considered. An empirical correlation for natural convection was used to estimate a
convective heat transfer coefficient between the container wall and the ambient [23] of
7.3 W/m?-K. The ambient temperature is assumed constant at 30°C [20].

The settings for melting and solidification models are similar except the change
in phase-change temperature range, water inlet temperature, and PCM initial
temperature. The structured rectangular grids are used to discretize the computational

domain as shown in Figure 19. A successful numerical melting model validation with
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the same experimental setup was found in literature [23] using a grid with 2.7 x 10°

elements and a time step size of 0.1s. The same time and spatial discretization are used

in this work. The PCM thermophysical properties, initial boundary conditions, and the

general CFD settings used in this work are presented in Table 6.

Table 6: PCM Thermophysical Properties, Initial Boundary Conditions and
CFD Settings

Property

Density

Specific Heat

Thermal Conductivity

Viscosity

Thermal Expansion

Coefficient
Latent Heat

Solidification
Temperature Range
Melting Temperature

Range
Initial Temperature -
Melting
Water Inlet
Temperature -Melting
Initial Temperature -
Solidification
Water Inlet
Temperature -
Solidification

Ambient Temperature

Water Inlet Velocity

Units

kg/m3

kilkg- K

W/m-K

kg/m-s

K-l

kJ/kg

m/s

Method
Boussinesq

Piecewise
Lin.

Constant

Constant

Constant

Constant

Constant

Constant

Constant

Constant

Constant

Constant

Constant

Constant

Value(s)
880

1.8(s)/
2.4(1)

0.2

0.0029

0.001

157

300.15-
311.15
301.15-
313.15

295.15

325.15

3135

290.15

303.15

0.01
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Settings
Pressure-Velocity
Coupling
Pressure Discretization
Scheme
Momentum
Discretization Scheme
Energy Discretization
Scheme
Continuity
Convergence Criteria
x-vel. Convergence
Criteria
y-vel. Convergence
Criteria
Energy Convergence

Criteria

Iterations per Time Step

Flow Regime Model

Mushy Zone Parameter

Pressure Under

Relaxation

Momentum Under
Relaxation
Energy Under

Relaxation

Value(s)

SIMPLE

PRESTO!

QuUICK

QUICK

10

10

10

10-12

40

Laminar

108

0.3

0.7
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Figure 19: Structured rectangular grids in computational domain with a zoomed
in version

3.1.3 Model Validation

Figure 20a show the temperature profile during melting at the thermocouple
positions mentioned above for the first 6000s flow time. This is compared with the

experimental results from Longeon et al. [20].
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Figure 20: Comparison of Temperature Profile in a) Melting Model and b)
Solidification Model with Experimental Results from Literature
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It can be observed that the results of simulation agree well with the experimental
results from literature. The deviation after 3000s can be attributed to the unknown
angular position of the thermocouples and the overestimation of heat loss to the
ambient. Figure 20b shows the temperature profile during solidification for the
thermocouple positions for the first 7000s. The thermocouple positions are same as the
positions in melting model. This is compared with the experimental results from
Longeon et al. [20]. It is evident that the results are in very good agreement with the
experimental data. The predicted PCM temperature profile in both the models agrees

well within 2K over time compared to the experimental data.
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Figure 21: a) Comparison of Liquid Fraction in Melting Model with Numerical
Results from Literature, b) Liquid Fraction in Solidification Model

Figure 21a shows that the average liquid fraction of PCM compared to
numerical results from Pu et al. [23] for the same case. Figure 21b shows the average
liquid fraction over time for the solidification model.

Figure 22 shows the comparison of experimental and predicted outlet
temperature of water in models for melting and solidification. The prediction of outlet
water temperature matches very closely in solidification process compared to the

melting process. In the melting process the deviation from experimental outlet
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temperature increases over time. This can be attributed to overestimation of heat loss
to the ambient. With time, the temperature of PCM increases in the model and this
increases the amount of heat loss. Compared to the melting model, the temperature
difference between PCM and ambient was lower in solidification process which results

in lower heat loss.
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Figure 22: Comparison of Experimental and Numerical Water Inlet and Outlet
Temperature for a) Melting b) Solidification

Figure 23 shows the comparison of experimental and numerical heat flow rate
of water for melting and solidification process. The experimental heat flow rate was
calculated assuming a constant flow rate based on the average velocity from Longeon
et al. [20]. The deviation of heat flow from the experiments is higher in the melting
model because of higher deviation in outlet temperature prediction as shown in Figure
5a. But overall, both the models show similar trend in heat flow rate when compared

to the experimental results.
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3.1.4 Computational Cost

Table 7 summarizes the hardware information and the computational cost. The
solidification model took approximately half the time to simulate first 6000s of flow
time compared to the melting model. During the solidification, the mode of heat
transfer from the tube wall to PCM is mainly conduction as the PCM near the tube wall
solidifies first. With time, PCM around the container begins to solidify and amount of
liquid PCM reduces. In case of melting, the heat transfer from the tube wall to the PCM
is a combination of both conduction and natural convection due to the motion of liquid

Table 7: Hardware Information and Computational Cost

Hardware
No. of Cores Processor RAM (GB)
2 x Intel® Xeon® Gold 5117,
28 2.00 GHz %
Computational Cost
. Computation
Model Flow Time (s) Time (h) o
Melting 6000 (Full) 105 63
e - 6000 (First) 50 30
Solidification 7000 (Full) 56 58.8

PCM near the tube wall. The effect of natural convection can be significant for this

geometry as the liquid PCM can flow in the annular space due to buoyancy. The table
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also shows the real-time factor (RTF) which is the ratio between simulated time and
simulation time required for the model. The RTF shows that even though CFD can
predict the temperature profile and melting time accurately, it can take 63 times longer
for melting and approximately 30 times longer to simulate compared to the actual

experimental results.

3.2 Effect of Thermal Expansion Coefficient, Viscosity and
Melting Range in CFD Simulation

It was shown in Table 4 that the reported values of B and p as reported in
different literatures are inconsistent and can vary by an order of magnitude. Compared
to the other thermophysical properties, the values of B, u and melting ranges are not
often mentioned in the manufacturer datasheet. Here, CFD-based models for two
PCMHX domains - with and without fins — are studied to find the impact of B, p and
melting range temperature on the PCM temperature profile and melting time. The role
that heat source temperature plays in the deviation caused by using uncertain

thermophysical properties is also investigated here.

3.2.1 Subject of Study

In section 3.1, the numerical model for melting in a straight tube PCMHX has
been discussed and the results agree well with the experiment. However, using
thermophysical data from Ebadi et al. [89] , the model would have not been validated
as well as it did when data from Pu et al. [23] was used since there is significant

difference between the thermophysical data of PCM reported in these two sources
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(Table 4). There is always uncertainty involved when reliable source for a

thermophysical data is not present and the range of that uncertainty needs to be studied.
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Figure 25: Finned Domain A) Physical Model B) Computational Domain

Unlike non-finned domains, the PCM flow can get obstructed in the finned which
reduces the natural convection. As the latter also depends on thermophysical properties,
it is necessary to check if there is any difference in the impact of the thermophysical
properties between these two domain types which were investigated in this study

(Figure 24 and Figure 25).
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3.2.2 Model Details and Settings

Both the computational domains are 2D axisymmetric. The non-finned domain
is a 40 mm x 15 mm rectangular section, while the finned one is a part of the annular
finned PCMHX. It has been shown by Bacellar et al. [31] that for structured surface
with fins, reduced domains reproduces the same behavior as full domain at
approximately half the computational cost. The annular fins have a diameter of 70 mm,
thickness of 4 mm, and fin pitch of 15 mm. The ratio between fin pitch and diameter
is less than 0.25, which can be considered as small fin pitch. The finless domain may
be considered a case with very large fin pitch; therefore, we are addressing both
extremes. Both the tube and the fin are copper.

Both models have constant temperature boundary condition on the tube wall.
The wall temperature for this study was 100°C but other wall temperatures were used
in a separate study presented at a later subsection in this manuscript to verify
consistency in the results. All the other walls in the domain were set as adiabatic. The
initial temperature for the simulation was 26°C. Natural convection is taken into
consideration during PCM melting process using Boussinesq approximation. The flow
of liquid PCM is considered laminar since viscous forces play a major role as it will be
discussed further. Structured rectangular grids are used to discretize the computational
domain, and a time step size of 0.1s was used. General CFD settings used in this work

are presented in Table 8.
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Table 8: Thermophysical Properties of RT35 Used for the Study

Constant value properties

Property Units Method Value(s)
Density kg/m?® Boussinesq 880
Specific Heat kJ/kg-K PiecewiseLinear | 1.8(solid)/2.4(liquid)
Thermal
W/m-K Constant 0.2
Conductivity

Properties for sensitivity analysis

p (LK) Source u (kg/m-s) Source
0.0006 [89] 0.0029 [91]
0.001 [91] 0.01295 -
0.0026 [107] 0.023 [89]

A parametric study consisting of a combination of threes values of g, x« and
melting range, was conducted. Two values of /S were taken from the literature and using
an equation from Schimmelpfennig et al.[107], a third value for g was estimated. The
equation requires the density of liquid PCM in two different temperatures, however,
from the manufacturer provided data there are only density of PCM in two different
phases.

Using these density values, £ is likely to be overestimated since the expansion
only occurs, in practice, in the liquid phase. Two of the values of x are taken from the

literature and the third is the average of the two. Three melting ranges with a nominal

47



melting temperature of 34°C were considered. The remaining thermophysical

properties were taken from Pu et al. [23] .

3.2.3 Effects of Thermal Expansion Coefficient

For each p and melting range values while parameterizing £ resulted in 27 cases

for each non-finned and finned domain. The results are summarized in Table 9.

Table 9: Effect of Thermal Expansion Coefficient in Melting Time

Non-

Case MR 7] /] Finned Dev I\ljllgl?i?wd Dev
No. (°C) (kg/m-s) | (LK) Melting (%) . 9 (%)
. Time (s)
Time (s)
1 0.0006 532 * 231 *
4 0.0029 0.001 465 -12.6 204 -11.7
7 0.0026 356 -33.1 174 -24.7
2 0.0006 707 * 290 *
5 28-40 0.01295 0.001 628 -11.2 260 -10.3
8 0.0026 492 -30.4 210 -27.6
3 0.0006 795 * 321 *
6 0.023 0.001 703 -11.6 286 -10.9
9 0.0026 553 -30.4 230 -28.3
10 0.0006 530 * 229 *
13 0.0029 0.001 464 -12.5 202 -11.8
16 0.0026 354 -33.2 173 -24.5
11 0.0006 715 * 291 *
14 30-38 0.01295 0.001 634 -11.3 260 -10.7
17 0.0026 497 -30.5 209 -28.2
12 0.0006 795 * 323 *
15 0.023 0.001 709 -10.8 288 -10.8
18 0.0026 561 -29.4 234 -27.6
19 0.0006 528 * 227 *
22 0.0029 0.001 460 -12.9 200 -11.9
25 0.0026 352 -33.3 172 -24.2
20 0.0006 727 * 294 *
23 32-36 0.01295 0.001 644 -11.4 264 -10.2
26 0.0026 502 -30.9 210 -28.6
21 0.0006 794 * 328 *
24 0.023 0.001 725 -8.7 293 -10.7
27 0.0026 573 -27.8 236 -28.0

* - Compared against this value
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The change in B can significantly impact the melting rate in all the cases; for
all combinations of p and melting range, the deviation after increasing B is similar.
Increasing the thermal expansion coefficient impacts, the volume expansion rate of
the liquid PCM which can considerably increase melting rate. For the finned and non-
finned domains, significant difference in the deviation for increasing B is not found in
almost all the cases. The exceptions are for cases 7,16,25, in which, the lowest value
of n and the highest value of B were used, and hence, the heat transfer through natural
convection is the highest. This can be seen from Table 9 as the corresponding melting
time is the lowest for these three cases. But in the finned domain, when the flow of
the liquid PCM is obstructed, the maximum impact of the highest natural convection
for these cases is not realized as much as seen from the non-finned cases. This leads
to the significant deviation between finned and non-finned domains for these three
cases.

Figure 26 shows the average PCM temperature profile of some sample cases
for both finned and non-finned domains. For the non-finned domain, the temperature
deviation due to increase of B is higher than the finned cases. Temperature profiles of
PCM is often used to validate models against experimental data and this figure shows
the importance using accurate value of  for model validation purposes, especially if

the domain is not finned.
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Figure 26: Effect of Thermal Expansion Coefficient in Average PCM
Temperature Profile, For Case (1,4,7) A) Non-Finned B) Finned; For Case
(21,24,27) C) Non-Finned D) Finned

Figure 26 shows the average PCM temperature profile of some sample cases

for both finned and non-finned domains. For the non-finned domain, the temperature

deviation due to increase of f is higher than the finned cases. Temperature profiles of

PCM is often used to validate models against experimental data and this figure shows

the importance using accurate value of  for model validation purposes, especially if

the domain is not finned.

The local temperature deviation in the PCM for using inaccurate values of 8

can be much higher than the average temperature. The plot also displays the liquid

fraction when the temperature profile starts to deviate. For the non-finned domain, the

temperature profile starts deviating quite early in the melting process. For the finned

domain, the deviation starts when the PCM is close to fully melted since conduction is
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the dominant heat transfer mode near the fin walls, and hence the effect of B is less

pronounced.

3.2.4 Effects of Viscosity

Table 10 summarizes the results from the 27 cases and shows the impact of

changing viscosity with different values of # and melting range. The case studies are

same as Table 9 but this table is presented in a way to visualize the effects of viscosity.
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Figure 27: Effect of Viscosity in Average PCM Temperature Profile, For Case
(1,2,3) A) Non-Finned B) Finned; For Case (22,23,24) C) Non-Finned D) Finned

A variation in x can significantly impact the melting rate in all the cases. When

the viscosity is increased, the flow of the liquid PCM is also increased and thus reducing

the natural convection and increasing the melting time. The deviation due to change in
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u is higher compared to the previous section when we changed . This can happen
because the magnitude of difference between the three values were higher for viscosity.

Table 10: Effect of Viscosity in Melting Time

p y7i Fli\lnonne-d Finned

Case MR . Dev Meltin Dev

o co) | (AK) | (kgim- | Melting | o Timeg %)

S) Time
() (s)

1 0.0029 | 532 ; 231 ]
2 0.0006 61295 [ 707 32.9 290 25.5
3 0.023 795 49.4 321 39.0
4 0001 | 0:0029 | 465 ; 204 :
5 28-40 ' 0.01295 | 628 35.1 260 275
6 0.023 703 51.2 286 40.2
7 0.0029 | 356 ; 174 :
8 0.0026 | 0.01295 | 492 38.2 210 20.7
9 0.023 553 55.3 230 32.2
10 0.0029 | 530 ; 229 ;
11 0.0006 "5 01205 | 715 | 349 | 201 | 274
12 0.023 795 50.0 323 41.0
13 0001 | 0:0029 | 464 ; 202 :
14 30-38 ' 0.01295 | 634 36.6 260 28.7
15 0.023 709 52.8 288 42.6
16 0.0029 | 354 ; 173 :
17 0.0026 | 0.01295 | 497 40.4 209 20.8
18 0.023 561 58.5 234 35.3
19 0.0029 | 528 ; 227 ;
20 0.0006 61205 [ 727 37.7 294 295
21 0.023 794 50.4 328 445
22 0001 |0:0029 | 460 - 200 :
23 32-36 ' 0.01295 | 644 40.0 264 32.0
24 0.023 725 57.6 203 46.5
25 0.0029 | 352 ; 172 -
26 0.0026 |0.01295 | 502 42.6 210 22.1
27 0.023 573 62.8 236 37.2

Unlike the previous section, here the impact on finned cases is significantly
lower compared to the non-finned cases. This can be explained by the fact that the fins

impose a flow resistance reducing the freedom of motion of the liquid PCM, therefore
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minimizing the buoyancy effects. From the table it can also be seen that, for higher
value of B, the deviation between the melting time increases compared to the lower
values.

Figure 27 shows the average PCM temperature profile for some sample cases
for finned and non-finned domain when different values of x are used. Like in the
previous section, for the non-finned domain, the temperature deviation is higher than
the finned cases. However, unlike in the previous section, the deviation of temperature
does not start at the end of the melting process, rather it starts in the middle of the
process. The lower viscosity reduces flow resistance allowing the liquid PCM to move
more freely, thus contributing to an enhanced heat transfer as supported by the higher

temperature values observed.

3.2.5 Effects of Melting Range

Table 11 summarizes the results from the 27 cases and shows the impact of
changing MR with different values of B and p. The table shows that change in MR did
not significantly impact the melting time for any of the cases for both finned and non-
finned domain. This finding can be useful as it can lead to less uncertainty while
performing future CFD simulation tasks by not requiring the accurate knowledge of

PCM MR.

53



Table 11: Effects of Melting Range

Non-

. Finned

Case B (K ;;m- z\o/l g) I\Ij:;?ﬁ]d Dev Melting Dev

No. | (UK) g NG %) | Time | (%)
S) Time )
(s)

1 2840 | 532 i 231 i
10 0.0029 | 3038 | 530 | -04 | 229 | -09
19 3236 | 528 | -08 | 227 | 17
2 2840 | 707 i 290 :
11| 0.0006 | 291295 3038 [ 715 11 201 03
20 3236 | 727 2.8 204 14
3 2840 | 795 i 321 :
12 0.023 | 3038 | 795 0.0 323 0.6
21 3236 | 794 | -01 | 328 2.2
4 2840 | 465 i 204 i
13 0.0020 | 3038 | 464 | -02 | 202 | -1.0
22 3236 | 460 | -L1 200 | -20
5 2840 | 628 : 260 i
14| 0001 | %0129 3038 6aa 1.0 260 0.0
23 3236 | 644 25 264 15
6 2840 | 703 : 286 :
15 0.023 | 3038 | 709 0.9 288 0.7
24 3236 | 725 3.1 203 2.4
7 2840 | 356 : 174 :
16 0.0029 | 3038 | 354 | -06 173 | 06
25 3236 | 352 | -11 172 | 11
3 2840 | 492 i 210 i
17 | 0.0026 | 091295 30338 [ 297 1.0 209 05
26 3236 | 502 2.0 210 0.0
9 2840 | 553 0.0 230 0.0
18 0.023 | 3038 | 561 14 234 17
27 3236 | 573 3.6 236 2.6

Figure 28 shows the average PCM temperature profile for some sample cases for
finned and non-finned domains with minimal deviation among the different MR’s.
This, however, may have been masked by the fact that a large temperature difference
was used. The next section presents a more detailed analysis introducing the effect of

temperature potential.
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Figure 28: Effect of MR in Average PCM Temperature Profile, For Case (1,2,3)
A) Non-Finned B) Finned; For Case (22,23,24) C) Non-Finned D) Finned

3.2.6 Effects of Wall Temperature

Wall temperature of 100°C can be considered high therefore additional cases with
lower wall temperature were investigated. These cases were only performed for the
finned domain. Table 12 summarizes the result for a lower and higher wall temperature
for different values of § and u. The result shows that, the lower wall temperature did
not show much different results compared to what was obtained before for change of
[, but it showed significant change for 4. For lower wall temperature, the deviation of
melting time due to increase of u is reduced. The reduction of approach temperature
has greater impact in the viscous forces compared to the buoyancy forces. This study,

however, was only performed for the finned cases and the results may differ for non-
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finned cases where PCM can flow more freely. When the temperature gradient is lower,
the impact in the thermal characteristics is also lower because the viscous effect is
reduced.

Table 12: Effect of Wall Temperature in Melting Rate Deviation

Wall Temp-45°C | Wall Temp-100
H °C

(IS\Iaje ?"/ICI?) (kg/m- £(1/K) Melting | Dev Melting | Dev
) S) Time(s) (%) Time(s) (%0)

1 28 0.0006 1327 -- 231 -
4 i 0.001 1180 -11 204 -12
7 40 0.0029 0.0026 982 -25.9 174 -24.7

4 0.0029 1180 - 204 -
5 28 [0.01295 | . | 138 | 172 260 275
6 40 0.023 ' 1478 25.2 286 40.2

Table 13: Effect of Wall Temperature in Melting Rate Deviation Caused by
Different Melting Ranges

n-0.0029
(kg/m-s) Wall Temp-45°C | Wall Temp-65°c | YVall Temp-100
£-0.001 C

(1/K)

Case Melting | Dev Melting | Dev Melting | Dev
No. | MR(°C) | Time(s) (%) | Time(s) (%) | Time(s) (%)
4 28-40 1180 - 408 - 204 -
13 30-38 1102 -6.6 402 -1.5 202 -1
22 32-36 1065 -0.8 403 -1.2 200 -2

Table 13 summarizes the result for effect of three different wall temperature in
the impact for change in melting range. The result shows that for both the high and
medium wall temperature, change in melting rate do not have any effect in the melting
time. However, for the low wall temperature the deviation in melting time is significant.
This shows that when the temperature difference between the heat source and the
nominal temperature of PCM is close, the selection of melting range becomes

significant.
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Figure 29: a), b) Effect of Wall Temperature in Deviation Caused by Thermal

Expansion Coefficient, For Case (1,4,7); c), d) Effect of Wall Temperature in

Deviation Caused by Viscosity, For Case (4,5,6)

Figure 29 shows the effect of wall temperature in the PCM temperature profile

deviation caused by different values of f# and p respectively. For the higher wall

temperature, effect of change of x is higher than the lower wall temperature.

The change in values for  and p showed a significant impact on the melting

time prediction. Using different p and 3 values from literature resulted in a deviation

of up to 57.6% and 12.9% respectively for the non-finned domain. For the finned

domain, the effect of p is comparatively lower (46.5%) while the effect of B is found

similar (11.9%) when compared to the non-finned domain.

The study highlights the challenges imposed by the inaccurate knowledge of p

and B for accurate prediction of PCMHX temperature profile and melting time with
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CFD. g and p are part of the momentum source term in the momentum equation solved
in CFD and is required to model the transition between solid and liquid phase. For the
simulation of different PCMs available in the market, CFD can be restrictive. In this
work for rapid simulation tool and optimization framework development, focus was
given on geometries where the momentum equations are not required to be solved and

thus simplified model like RCM can be created for the accurate prediction in PCMHX.
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Chapter 4 RCM Validation and Comparison with CFD
4.1 RCM for PCM Embedded in Porous Media

To the best of the author’s knowledge, no study has previously utilized RCM
to model composite PCM with metal foam. In section 2.2, the approach of developing
a computationally inexpensive RCM for the melting of PCM embedded in metal foam
supplied with constant heat flux has been discussed. Here, the model validation against
experimental data from literature and then comparison against a validated CFD model
will be discussed. The prediction difference in local temperature profile, energy
storage, and melting time between the two models is discussed in this section along

with the respective computational costs.
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Figure 30: a) Composite PCM Setup with Metal Foam [55] b) Thermocouple
Positions

4.1.1 Subject of Study
Melting in paraffin-based PCM impregnated with copper, the foam has been

tested experimentally by Zheng et al.[55]. The composite PCM of porosity (ratio of

PCM volume and total volume) 0.95 was utilized in the melting experiment. The metal
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foam pore size was 5 Pores Per Inch (PPI). Figure 30a show the composite PCM with
the dimension of 100x100x30 mm. It was heated with a 100x10x30 mm electrical
heater attached to the top of the PCM enclosure, which provided constant and uniform
heat flux. All the other walls are considered adiabatic in the model. Three
thermocouples A, B & C were placed at 25, 50, and 100 mm away from the heated wall
respectively, as shown in Figure 30b. The thermophysical properties of PCM and
copper foam are provided in Table 14.

Table 14: Thermophysical Properties of PCM and Copper Foam [55]

Properties Paraffin Copper Foam
k (W/m-K) 0.3 380
p (kg/m®) 900 8900
Cp (I/kg-K) 2300 386
Tsol = Tmelt (K) 323-331 -
AH (J/kg) 148,800 -
u (Pa-s) 0.00324 -
B (K1) 0.0005 -

4.1.2 Details and Settings of the Models

A 2D numerical simulation was carried out in ANSYS Fluent and the method has
been discussed in the previous section. Structured grid was used to discretize the
computational domain, containing 10,000 elements as shown in Figure 31. Time step
size was fixed in 0.5s based on a similar CFD study by Zhang et al.[28]. The initial
temperature was 287K and a constant heat flux (1150W/m?) was applied on the top wall.
All the other walls were assumed adiabatic. The effective thermal conductivity was

calculated (2.28 W/m-K) from the equations provided by Esapour et al. [16]. The mushy
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Figure 31: Structured Rectangular Grid of the Computational Domain

zone parameter was selected as 10° and 30 iterations per time step were used. The other
CFD settings are provided in Table 15.

Table 15: CFD Settings for Melting in Composite PCM With Metal Foam

Pressure- ) Momentum Energy
) Transient ) o ) S
Velocity ) Discretization Discretization
) Formulation
Coupling Scheme Scheme
2" order _ _
SIMPLE o 2" order upwind | 2" order upwind
implicit
Pressure X, y-velocity Continuity Energy
Discretization Convergence Convergence Convergence
Scheme Criteria Criteria Criteria
PRESTO! 10° 10° 1012

RCM approach discussed in section 2.2 is used to develop the reduced order
model for this geometry. Figure 32 and Figure 33 show the grid size and the time step

independency of RCM, respectively. Other than one very large segment size number,
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all the other grid sizes show the similar result. We use 10 segments and 2s time step

size in this work.
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4.1.3 Model Validation
The temperature profile in points A and C for experiment and CFD simulation

have been compared with RCM results in Figure 34. The plots show that the RCM

results are matching very well with both the experimental and CFD results. The mean
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deviations of CFD and experimental temperature are found to be 1.62K and 2.97K for
thermocouples A and C, respectively. For RCM and experimental temperature, the
mean deviations are 1.84K and 2.96K for thermocouples A and C, respectively. The

plots validate both CFD and RCM for the composite PCM.
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Figure 34: Comparison of RCM results with experiment and CFD for a)
thermocouple A (TC-A) b) thermocouple C (TC-C)

The deviation in the predicted temperature for TC-C is higher in both RCM and
CFD compared to TC-A as shown in Figure 34. This can be attributed to the adiabatic
wall condition assumed in the model although there is heat loss to the ambient in the
experiment. The hypothesis is that at the beginning of the simulation when the PCM
temperature is lower (below ambient), the model is not considering the heat gain from
ambient and so it is underpredicting the temperature. Once the PCM temperature rises
higher than the ambient, the model is does not consider the heat loss and so overpredicts
the temperature.

Figure 35 shows the comparison of RCM results with CFD results for average
PCM temperature and liquid fraction. The plots show that the results from RCM are

matching almost exactly with CFD.
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Figure 35: Comparison of RCM results with experiment and CFD for a) average
PCM Temperature b) Liquid Fraction

4.1.4 Computational Cost and Accuracy Comparison

Table 16 compares computational cost and accuracy of melting time, energy
storage, and local temperature prediction between RCM and CFD. Here, the real-time
factor is the ratio between the time required for simulation and experimental time and
is denoted by a. The results for RCM are based on 0.5s time step to compare against
CFD results with same time step. However, with a higher time step size of 2s, the model
is also similarly accurate with even lower computational cost. (Figure 33)

Table 16 shows that, both CFD and RCM predicted the energy storage with a
deviation of around 0.8% when compared to experimental energy storage. In both CFD
and RCM, the time needed for liquid fraction to go to 1 is considered as melting time.
Ensuring this is difficult in an experimental study and it is possible to visually consider
a case fully melted before it completely melts. The table also demonstrates that, with a
deviation of less than 1%, the RCM can predict the melting time similar to CFD with
10° order of speed gain.
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Mean absolute temperature deviation is denoted by oTemp and temperature
deviation factor is denoted by or. Here, we will introduce a cost-effectiveness index
(CEI) to compare the tradeoff between different models for transient simulations. The
index will be calculated based on equation (39). If the deviation between two models
is considered acceptable, then the lower the value of CEl is for a model, the better its

performance.

_ Z%:l |Texp,t - Tsim,tl

Cromy = > (36)
=227 (37)
CEI = (39)

axaf

For temperature prediction at point A, the CEI for CFD is 4. The CEI for RCM
is 10593.22 which is 2.648 x 102 times better than CFD. The CEI can also be calculated
based on the absolute deviation for energy storage also. The CEI along with the figures
and the table provided above show that for a composite PCMHX, with a good
estimation of thermal conductivity of composite, CFD is not needed as RCM can
predict with excellent accuracy with significant speed gain. This also validates our
assumption of neglecting the effects of natural convection in a metal foam composite
PCM and shows that diffusion-based solvers can predict the thermal characteristics of

a PCMHX with structured enhancement accurately.
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Table 16: Comparison of Computational Cost and Accuracy Between CFD and
RCM (With 4 Parallel Cores)

Parameter Experimental | CFD RCM
Run Time (s) 23,400 201,600 1.2
Time Step (s) - 0.5 0.5

a 1 8.61 5.13x10°

Time for p=1 NA 22,067 22,008

Energy Storage (kJ) 68.31 67.72 67.7
Absolute Deviation for

Energy Storage (%) ) 0-86 088
oTemp at A (K) - 1.62 1.84
oTtemp at C (K) - 2.97 2.96

4.2 RCM for 3D Periodic Structured PCMHX
In this section, a computationally effective RCM is developed for the melting

of PCM in different periodic structures subjected to constant heat flux as discussed in
the Section 3.2. Image processing capability of a commercial software was used to find
the local porosity values in the discretized grids. The model is validated against
experimental data by Righetti et al. [104]. The accuracy in prediction of average
temperature profile and energy storage is discussed with the respective computational

costs.

4.2.1 Subject of Study

Figure 12 shows three different additively manufactured periodic structures
which were experimentally tested under different heat flux conditions [104]. The
intersection of aluminum fibers results three pyramid structures of 40 mm, 20 mm, and

10 mm cell size. The porosity (ratio of PCM volume and container volume) for all the
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geometries was 0.95. Each of the geometries were filled with an organic PCM with
nominal melting temperature of 55°C, and melting tests were conducted under three
different heat fluxes (6250 W/m?, 12500 W/m? and 18750 W/m?). Each sample used a

20 mm thick aluminum heater block and a 12 mm thick aluminum alloy square base

with an area of 1764 mm? for homogeneous distribution of the heat flux.

Table 17: Thermophysical Properties of PCM and Metals

Properties RT55 Aluminum alloy Aluminum

k (W/m-K) 0.2 96 240

p (kg/m?) 825 3745 2700

Cp (J/kg-K) 2000 1206 890
Tsol = Trmelt (K) 324-330 - -

AH (kJ/kg) 170 - -

AlSi10Mg-0403 aluminum alloy was used for the additive manufacturing of the
periodic structures and its conductivity was measured to be 96 Wm™K[104]. The
thermophysical properties of the PCM, aluminum, and aluminum alloy are listed in

Table 17.

4.2.2 Model Details

Figure 36 shows the grid size and the time step independency of the RCM. In
Figure 36a, RCM with 64 and 96 segments show very similar results. In Figure 36b,
apart from 1s time step all the other time step selection in the RCM provided similar
results. A time step size of 0.5s and grid size of 8x8 (64 segments) was selected for

this work.
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Figure 36: a) Effect of grid size, b) Effect of time step

The heat loss through the heater block was calculated using equation (40) [104].

Q = 0.0162 * Ty 4,,4[°C] — 0.3459[W] (40)

At all side walls the heat loss were assumed to have mixed convection-radiation
boundary condition. Constant heat transfer coefficient of 10 Wm=2K* and an emissivity

of 0.95 were imposed, as suggested by Calati et al. [108]. The free stream temperature

was set equal to the ambient temperature of 293 K.

4.2.3 Model Validation

Six thermocouples were placed at different locations in the PCM domain for
the experiments [104] .The experimental PCM average temperature is found by taking
the average of these temperatures. Figure 37a, Figure 38a and Figure 39a compare the
experimental average PCM temperature profile to the RCM predicted average

temperature profile for the 10 mm, 20 mm and 40 mm geometries, respectively.
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Figure 37: Comparison of experimental and RCM predicted a) Average

PCM temperature b) Energy storage in 10 mm geometry
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Figure 38: Comparison of experimental and RCM predicted a) Average PCM

temperature b) Energy storage in 20 mm geometry
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Each of the figures has three plots for three different heat flux (6250 W/m?,
12500 W/m? and 18750 W/m?) values used. The RCM predictions agree well with the
experimental temperatures, in all the cases.

In RCM, the heat transfer is assumed to be conduction dominant, and the effect
of natural convection is not considered. However, even though the model neglects the
heat transfer enhancement by the natural convection, the results from Figure 37a,
Figure 38a and Figure 39a show that the average PCM temperature is slightly
overpredicted by the model in most of the cases. The PCM temperature can be
measured separately from the metal in the experiment and this temperature is always
lower compared to the surrounding metal structures. The model assumes a single
temperature for the PCM and the metal alloy and thus overpredicts the PCM
temperature. The assumption to neglect the contact resistance between PCM and metal
structure can also play a part in the overprediction. The heat loss calculation with a
constant heat transfer coefficient may also cause some deviation in the prediction;
especially at the beginning of the tests. These reasons lead to the overprediction of

PCM average temperature.
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Figure 39: Comparison of experimental and RCM predicted a) Average
PCM temperature b) Energy storage in 40 mm geometry

Figure 37b, Figure 38b and Figure 39b compares the experimental energy
storage to the RCM predicted energy storage profile for the 10 mm, 20 mm, and 40 mm
geometries, respectively. As the storage is a direct function of the average temperature,
the deviation between the model and experimental temperature causes the deviation in
storage as seen in the plots. But overall the energy storage curves show the same trend
and the difference in energy storage in fully melting conditions is negligible.

Table 18 shows the computational cost and accuracy of average temperature
prediction for RCM. The table shows the mean deviation of average temperature
prediction for all the cases which ranges from 1.34K to 2.81K. The table also reports
the maximum deviation in average temperature found in all the cases. The maximum
average temperature deviation was found to be 5.45K for the 20mm geometry for a

heat flux of 18750 W/m?. It has been observed that the PCM temperature rises abruptly
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at the end of melting in some of the tests. The deviation between RCM and experiment
due to this sudden rise in temperature is ignored for this comparison.

Table 18: Summary of Computational Cost and Temperature Prediction

Accuracy
Mean of
Base Heat Max. of Avg. ) Run
Case ) Avg. Simulated )
Diameter Flux Temperature . Time o
No Temperature Time (s)
(mm) (W/m?) Dev. (K) (s)
Dev. (K)
2.61 x
1 18750 2.81 451 1250 0.326 104
3.55 x
2 10 12500 1.34 3.30 1650 0.585 104
3.11x
3 6250 1.64 3.51 4200 1.305
10+
2.95 x
4 18750 2.15 5.45 1200 0.354 104
3.34 x
5 20 12500 1.53 4.05 1800 0.602 104
3.48 x
6 6250 2.45 3.87 3300 1.147
10+
2.96 x
7 18750 2.03 3.91 1500 0.444 104
3.32x
8 40 12500 1.56 3.15 1800 0.597 104
3.19 x
9 6250 2.21 4.28 3600 1.150 10+

The most important aspect of the RCM is its speed and this is highlighted by
the last column in the table. Here, the real-time factor (RTF) is the ratio between
simulated time and simulation time required for the model. In all the cases, the RCM
RTF was found to be in the order of 10#, whereas, in CFD the RTF is a value typically

much greater than 1 as seen from the CFD simulations discussed in the previous
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sections. The results from Table 18 shows that RCM has very low computational cost

with minimal penalty in accuracy.

4.3 RCM for Straight Tube Annular Finned PCMHX
In this section, an RCM is developed for an annular finned PCMHX with

straight tube based on the details in section 2.2 and the model is validated with in-house
experimental data and compared to a CFD model for accuracy and computational cost.
The RCM developed in the previous sections only had constant heat flux boundary
conditions. However, in the RCM developed for annular finned PCMHX with straight

tube, the conjugate heat transfer is applied.
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Figure 40: Schematic of a) Physical Model b) Computational Domain c)
Thermocouple positions

4.3.1 Subject of Study

A straight tube annular finned PCMHX (Figure 40a) has been experimentally
tested in-house under different operating conditions [60]. This geometry is modeled as
an axisymmetric domain (Figure 40b) and the geometric specification of the
configuration is listed in Table 19. Figure 40c shows the positions of 16 thermocouples

(TCs) installed in the experimental setup which is used to calculate experimental
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average PCM temperature and to validate the model. The mass flow rate of water is 2.5
g/s and the water flow are in upwards direction.

Table 19: Geometry Specification of Annular Finned PCMHX

Dimension Unit Value
Tube Diameter - D¢ mm 12.7
Tube Wall Thickness - t mm 15
Tube Length - L mm 285
Tube and Fin Material - Aluminum alloy
Container Diameter - D mm 44.5 [1D], 50.8[0OD]
Fin Diameter- Ds mm 42.45
Fin Pitch- Fp mm 12.7
Fin Thickness mm 15

The experiment utilized see-through insulation cylinders filled with air and
argon gas to reduce the amount of heat loss from the test section while still being able
to visually observe the experiment. Figure 41 shows the insulation cylinder assembly
used in the experiment [60]. Several TCs were installed in the insulation cylinders and

these were used to calculate heat loss from the PCMHX.

Figure 41: Insulation Cylinders Assembly a) 3D model b) Actual Experimental

Setup
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4.3.2 Details of Models and Settings

An axisymmetric CFD model is implemented for the experimental setup in
ANSYS Fluent 2019 R3. The HTF is water, flowing from bottom to top, at different
temperatures for melting and solidification processes. Paraffin RT35 [91] is used as the
PCM and the tube and fins are made of aluminum allow. The material properties are
listed in Table 20 . The corresponding Reynolds number for the tube flow is 327 and
so a laminar flow model is considered on the tube side. The solidification and melting
module in Fluent are used to simulate the phase-change process of PCM and the
settings used is the same as described in section 4.1.

Table 20: Thermophysical Properties of Materials

Properties RT35 Aluminum alloy

k (W/m-K) 0.2 170

p (kg/m®) 880 2670

cp (J/kg-K) 1800 (s),2400 (1) 890
Tsol - Trmett (K) 301.15-308.15 -
AH (kJ/kg) 135 -
i (kg/m-s) 0.0029 -
B (KD 0.001 -

The initial temperature was selected from the individual experiment and the
initial velocity of the computational domain is taken as zero. The upper and lower
container walls are modeled as adiabatic and heat loss through container side wall is
considered. The ambient temperature was taken as 25°C based on the experiment.
Three different operating conditions were simulated and Table 21 lists the initial and

boundary conditions used in the simulation.

75



Table 21: Boundary and Initial Conditions

Inlet Initial Heat Loss

| Marow | ow | wair | ooman | e
Temp. (°C) | Temp. (°C) | (W/m?-K)

1 44.5 298.4 7.53
2 25 Up 49.5 298.4 6.8
3 54.5 298.5 6.37

8000 structured rectangular grids were used to discretize the computational

domain (Figure 42) and 0.1s time step size was used.
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Figure 42: Structured rectangular grids in computational domain (zoomed in)

The RCM was developed using the approach detailed in section 2.2.

4.3.3 Model Validation

16 TCs were placed in different fin compartments in the PCMHX and an

estimation was conducted to determine the TC temperature for the compartments where

a fin is not located. The average of these temperature is denoted as the experimental
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Figure 45: Comparison of a) Average PCM Temperature b) Outlet Water
Temperature for Inlet Temperature of 54.5°C

average PCM temperature. The models can output the whole PCM domain temperature
which is compared against the experimental temperature to validate the models. Figure
43a, Figure 44a and Figure 45a show the comparison of average PCM temperature from
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the models and the experiment for three different water inlet temperatures. Figure 43b,

Figure 44b and Figure 45b compare the water outlet temperature from the models with

the experimental water outlet temperature.

Figure 43, Figure 44 and Figure 45 show that both RCM and CFD can

accurately predict the heat transfer in both the water side and the PCM side. Table 22

and Table 23 show the prediction accuracy of both the models for average PCM

temperature and water outlet temperature respectively with Root Mean Square Error

(RMSE) and maximum deviation. RMSE can be defined by equation (41).

RMSE = L0 =22
’ N

Table 22: Summary of Average PCM Temperature Prediction Accuracy

(41)

Inlet Water Temperature (°C) CFD |RCM
445 RMSE (K) 0.55 0.7

Maximum Deviation (K) 1.54 2.11

495 RMSE (K) 0.59 0.69

' Maximum Deviation (K) 1.47 2.1

E45 RMSE (K) 0.62 0.66

' Maximum Deviation (K) 1.88 2.3

Table 23: Summary of Water Outlet Temperature Prediction Accuracy

Inlet Water Temperature (°C) CFD RCM
445 RMSE (K) 0.27 0.39

Maximum Deviation (K) 2.23 4.34

495 RMSE (K) 0.35 0.48

' Maximum Deviation (K) 3.23 5.67

545 RMSE (K) 0.45 0.63

' Maximum Deviation (K) 4.23 7.26

From Table 22 and, Table 23 it is seen that CFD has smaller RMSE and

maximum deviation compared to RCM, although the difference is not very high. The
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highest deviation in average PCM temperature prediction occurs at the end of the
melting for both the models. The highest deviation for water outlet temperature
prediction is seen at the beginning of the experiment when the inlet temperature
increases rapidly which causes the deviations. The deviations are only seen for very

small time and so they are not very clear in Figure 34b, Figure 35b and Figure 36b.

4.3.4 Computational Cost Comparison

Table 24 presents the hardware information of the computer and the
computational cost of RCM and CFD for the case of inlet temperature of 44.5°C.

Table 24: Summary of computational cost of RCM and CFD

Flow Time Simulation
Model Speed Increase in RCM
(s) Time (s)
RCM
(400 ) 8000 13
segments
104
CFD
8000 129600
(8000 elements)

Table 22, Table 23 and Table 24 jointly show that while there is a small
deviation in result prediction between the two models, RCM can predict the heat
transfer and energy storage/ release in an annular finned PCMHX melting and

solidification process with 4 orders of speed gain.

4.4 RCM for Annular Finned PCMHX with Copper Foam
4.4.1 Subject of Study

Copper foam has been added to the annular finned PCMHX discussed in the

above section to further increase the PCM thermal conductivity. A straight tube annular
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finned PCMHX with copper foam (Figure 46a) has been experimentally tested in-house
in different operating conditions. This geometry is modeled as an axisymmetric domain
(Figure 46b). Figure 46¢ shows the 16 TCs located in different positions in the

experimental setup to determine the average PCM temperature.
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Figure 46: Schematic of a) Physical Model b) Computational Domain c)
Thermocouple positions

The modeling approach of CFD and RCM for this configuration is the same as
for the configuration without the copper foam. The only difference is seen in the
calculation of the effective thermal conductivity ke which has been discussed in

section 2.1.

4.4.2 Model Validation

Figure 47 shows that both RCM and CFD can accurately predict the heat
transfer in both the water side and the PCM side. From Table 25, it is seen that the
RMSE and maximum deviation in CFD is smaller in CFD compared to RCM as seem
in the previous section. Similar to the annular finned PCMHX without copper foam,

the highest deviation in average PCM temperature prediction is seen at the end of the
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melting for both the models and the highest deviation for water outlet temperature

prediction is found at the beginning of the experiment.
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Figure 47: Comparison of a) Average PCM Temperature b) Outlet Water
Temperature for Inlet Temperature of 44.5°C for annular fin PCMHX with
Copper Sponge
83



Table 25: Summary of prediction accuracy for 44.5°C Inlet Water Temperature

Parameter CFD RCM
Average PCM RMSE (K) 0.57 0.72
Temperature Maximum Deviation (K) 1.61 2.03
Water Outlet RMSE (K) 0.28 0.37
Temperature Maximum Deviation (K) 2.61 4.43

4.4.3 Comparison of Computational Cost

Table 26 shows the hardware information of the computer and the
computational cost of RCM and CFD for annular finned PCMHX with copper foam.
Compared to the previous section, it is seen that the CFD simulation takes 3x more
time. The addition of porous media approach in the CFD is the reason behind this
additional computational cost. RCM uses the kesr from the CFD and is 3x10° times
faster compared to CFD.

Table 26: Summary of computational cost of RCM and CFD

Flow Time Simulation
Model Speed Increase in RCM
(s) Time (s)
RCM
8000 14
(400 segments)
CFD 3x10*
8000 432000
(8000 elements)
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Chapter 5 RCM Application

5.1 Optimization of Annular Finned PCMHX Integrated with

Domestic Water Heater

The load profile for domestic water heating is time-dependent and during some
specific time of the day it generates high energy demands. Shifting the peak load
completely or partly can have considerable positive environmental and economic
impacts. PCM based thermal storage can be a useful technology in peak load shifting
for the domestic water heater tank due to their high latent heat and high energy density
compared to water. It has been seen that the temperature in the storage type water heater
tank drops below set-point during daytime operation and power is drawn from the grid

to heat up this water over the setpoint during peak electricity consumption hours [73].

a) Normal Operation b)
Supply >
i C/D
c|

Figure 48: a) Operation diagram for PCMHX integrated with domestic water
heater system b) Annular fin PCMHX storage diagram [26]

This temperature drop can be avoided by integrating a TES with domestic water
heater system. One way to use TES is with PCMHX as shown in Figure 48a. The
PCMHX will operate during the peak periods and will be used to heat up the water

before it is supplied to the user. This is shown as the discharge (D) cycle in Figure 48.
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During this time period the electric heater does not need to operate. The PCMHX will
be charged during the off-peak hours.

Figure 48b shows the proposed latent thermal storage design where number of
straight tube annular fins enhancement are used. The tubes will be connected in parallel
and the flow rate will equally distributed. The PCM occupies the remaining space in
the storage tank where there is no tubes and fins.

For heat extraction, the PCM inside the storage tank must have a melting
temperature range high enough compared to the supply water temperature to create a
temperature difference. However, selecting a PCM with a very high temperature can
complicate the recharging cycle by requiring more energy and time. The water supply
temperature must be equal to or greater than 51.7°C [109], thus an appropriate organic
PCM RT62HC [110] is selected based on the operation temperature of the system and
the melting temperature of the PCM. The thermophysical properties of the PCM,
aluminum tube and fins are shown in Table 27.

Table 27: Thermophysical Properties of Materials

Properties RT32HC Aluminum alloy
k (W/m-K) 0.2 170
p (kg/m®) 850 2670
cp (J/kg-K) 2000 890
Tsol - Tmeit (K) 333.15-337.15 -
AH (kJ/kg) 230 -

The flow rate of the water is selected to be 6.4L/min based on the DOE standard
for a medium usage water heater [109]. We assume that 25% of the total daily hot water

consumption will be supplied by the TES. Based on the total draw time for a medium
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usage tank and the 25% water consumption, the system integrated with TES needs to
deliver water with 51.7°C with a flow rate of 6.4L/min for at least 540s continuously.
The water inlet temperature in PCMHX is selected as 46.7°C with an assumption that

the temperature drops 5°C during the daytime operation due to heat loss.

5.1.1 Optimization Problem Formulation

In previous sections, the validation of RCM for straight tube annular finned
PCMHX and the speed increase compared to the CFD have been shown. The low
computational cost of RCM can be effectively integrated with MOGA (Multi-objective
Genetic Algorithm)[111]. The objective functions of this optimization are to minimize
the water pressure drops through the tubes and minimize the total material mass (tube

and fin mass) of PCMHX as shown in equation (42) .

min APyqgter, MHX,Material
s.t. (42)

tHW = 54‘05, VHX,total < O-lvtank,baseline; —-0.1 < SOC < 0.1

The baseline water heater tank volume was selected from a commercially
available electric water heater system in the market. It was assumed that there is no
heat loss. The design space that is explored is listed in Table 28 . The tube diameter,
fin thickness, container diameters are taken as discrete variables based on the off-the-
shelf availability of aluminum tube, fin and polycarbonate tube. Two different

thickness of tubes were selected as shown in Table 28.
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Table 28: Optimization Design Space

. . Lower -
Continuous Variables Limit Upper Limit | -
Fin Pitch (mm), F, O.2Df O.SDf :’—' D
Length (mm), L 300 700 | 2
Discrete Variables Values . :‘ ;
. 15.87,12.7,9.52, 7.94 O\ / VK
Tube Diameter (mm), D, 6.35,4.76 (t:=0.89) L =1
9.52, 6.35 (t:=0.71) "o
Fin Thickness (mm), tf 0.81,0.63,0.41,0.25 il::l:‘.%:‘:::‘_
Container Diameter (mm), | 254, 28.58, 31.75, 34.93, [ TE
D 38.1,44.45,50.8,57.15,63.5 | | | i
Number of Parallel Units, N 20-82

The constraints of the optimization are the total hot water supply time, the total
HX volume and the State of Charge (SOC) as shown in equation(42). The minimum
total hot water supply time is fixed based on the analysis done in the previous section.
The maximum total HX volume (Vhxtota) 1S determined based on the volume of a
commercially available storage type domestic water heater tank with medium water
usage. The total volume of the selected domestic water heater tank (Vtank, Baseline) 1S
254650 cm?.

The Department of Energy’s (DOE) target for thermal storage integrated
systems is that the TES does not exceed 10% of the original system volume. The final
constraint is based on State of Charge (SOC) which is defined as the ratio of energy
stored in a TES at a specific time and the theoretical maximum storable energy in the
TES and is shown in equation (43). The SOC constraints ensures that the TES remains
mostly in the latent region during the discharge, minimizing temperature changes in the

PCM. The problem formulation for the optimization is shown in equation (43).
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Remaining energy stored (t
soc(t) = g energy ®)

43
Theoretical maximum storeable energy “3)

5.1.2 Optimization Results

Figure 49 shows the Pareto front for the optimization of annular finned PCMHX
study. The shading of the design point is done based on the time, a design is capable of

supplying hot water before the outlet temperature drops below the setpoint temperature
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Figure 49: Pareto plot for annular finned PCMHX optimization

(shown by taw in Figure 49). The size of each design points in the Pareto front is done
based on the total PCMHX volume which is by multiplying the volume of each
container with the number of parallel units. Six designs from the Pareto front are
analyzed next. Each of these points represents a cluster of designs that is seen in the
Pareto front and the geometry and performance for the designs in the same cluster do

not differ much. This similarity is not seen in only one cluster and so two designs (C
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and D from Figure 49) from that cluster have been picked. The geometry and
performance parameters of these designs are shown in Table 29.

Table 29: Geometry and performance parameters of selected designs

Rea A B C D E F
No of HXs 82 80 70 48 72 76
Tube Diameter (mm) | 15.875| 12.7 | 9.525 | 9.525 | 7.9375| 6.35
Tube Thickness (mm) | 0.889 | 0.889 | 0.7112 | 0.7112 | 0.889 | 0.7112
Fin Diameter (mm) 24575 | 21.4 | 27.775 | 27.75 | 24.575 | 24.575
Fin Thickness (mm) 0.254 | 0.254 | 0.254 | 0.254 | 0.254 | 0.254
Fin Pitch (mm) 6.76 5.32 8.67 9.33 7.22 7.23
Container Inner | g 575 | 554 | 3175 | 31.75 | 28.575 | 28.575
Diameter (mm)
Tube Length (mm) 400.1 | 430.2 | 450.2 | 662.9 | 425.1 | 4255
Total Volume -PCMHX

21040 | 17439 | 24948 | 25191 | 19630 | 20739

3
(cm)
Total Volume- PCM
( 3) 14206 | 12701 | 22219 | 22462 | 17664 | 19219
cm
PCM Volume Ratio (%) | 67.5 72.8 &9.1 89.2 90 92.7
taw(®) 862.5 | 7514 | 1462.1 | 1478.1 | 1171.7 | 1272.3
Volume Ratio 1.083 1.068 1.098 | 1.099 | 1.077 | 1.082

The volume ratio is defined in equation (44) and Table 29 shows the volume
ratio for each design. The values show that by adding the TES with water tank, the

increase in the volume of the system is not exceeding 10% of the original system.

Water Tank Volume + TES Volume

Ratio = 44
Volume Ratio Water Tank Volume (44)

From Figure 49 and Table 29, as we move from left to right in the Pareto front,
tube diameters and number of parallel units decrease. The Pareto front experiences a
greater water pressure drop from left to right as a result. Larger tube diameters, lower
fin pitches, and a higher number of parallel units are the reasons behind the higher mass

of the designs on the left. With the exception of tube length and the number of parallel
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units, designs C and D are very similar. Compared to the other designs, Design D has

a longer tube length, which compensates for its lower number of parallel units.

5.2 Ragone Plot Generation

Ragone plots are commonly used for electrochemical batteries to show the
trade-off between energy storage and power [112]. Thermal energy storage devices
(PCMHX) can be considered analogous to the electrochemical batteries (Table 30) and
Ragone plots for these can demonstrate how geometry, material properties and
operating conditions can play roles in the discharge energy and discharge power trade-
off for a PCMHX [113].

Table 30: Definitions for different terms in electrochemical and thermal storage
systems [113]

Electrochemical storage | Thermal Storage
Maximum Capacity Ce max= NF (Ah) Ctnmax= MpcmAh (Wh)
C-rate () ! q
Ce,max Cth,max
SOC (%) [ 1dt [ qdt
Ce,max Cth,max

PCMHX capacity can be defined as the total amount of heat that can be stored.
Instead of a cut-off voltage, PCMHX has a cut-off temperature and the point where the
fluid temperature reaches below the cut-off temperature defines the point where useful
discharge energy ends. In the application of domestic water heater, the cut-off

temperature is the supply temperature of hot water.
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Figure 50: Thermal rate capability curves for PCMHX used with domestic water
heater system

Figure 50 shows the water outlet temperature versus utilized time for an
optimized PCMHX (design C). This design was selected from the Pareto front
discussed in the previous section. The cutoff temperature (supply temperature-
324.85K) is shown with the dotted black line. The C-rate of 1C is defined here for the
design mass flow rate. The SOC and the C-rate are defined in Table 30. The plot shows
that as the C-rate increases, the cut-off temperature is reached sooner while there is
significant energy left in the thermal storage. Whereas, for lower C-rate of 0.44C and
0.7C, nearly all the energy stored in the system can be extracted before the fluid
temperature reaches the cut-off line. This type of plot is known as thermal rate

capability curves [113].
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The rate-capability curves then can be used to generate the Ragone plot shown
in Figure 51 for optimized design C. Each of the thermal rate-capability curve
corresponds to specific point in the Ragone plot. The energy density is the cumulative
energy discharged until the cut-off temperature is reached. The power density is defined
as the average discharge rate until water outlet temperature reaches the cut-off
temperature.

Figure 52 and Figure 53 show the impact of selecting different setpoint
temperature in the thermal rate capability curves and Ragone plot, respectively. Figure
53 shows that by lowering the supply temperature by 1K, 10.5% higher energy density
can be achieved. The plot also illustrates that the raising of supply temperature by 1K
can also lead to 54.6% reduction in accessible energy. This plot shows the importance
of cut-off temperature and the significant role it plays in the selection of an PCMHX

for a specific application from a Pareto front.
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Figure 54 show the volumetric and gravimetric Ragone plots for the 6 designs
that were discussed in the previous section. The Ragone plots for these designs show
significant difference. Figure 54a show that design B has higher power density at high
C-rates compared to the other five designs which is expected because this design has
the smallest volume. Both designs B and A can provide higher power density and
specific energy at higher C-rates but the total energy density and specific energy is
lower for this units due to their small volume. Design C and D have almost the same
geometric properties and we can see that these designs perform the same in different
C-rates from both the volumetric and gravimetric plots.

The best design can be selected from Ragone plot by pushing the Ragone curve
up (higher power) and to the right (higher energy). When compared with the annular
finned PCMHX that was experimentally tested in-house, these designs show
significantly higher performance for the same C-rate. However, for the selection of the
best from the optimized designs, a tradeoff is necessary between energy and power
based on user requirement. If the user requires a higher mass flow rate (which translates
to higher C rate) then design B is the obvious choice as seen from both the gravimetric
and volumetric plots in Figure 54. But if the user requirement is a lower C rate then
designs E and F are better options as they have approximately 20% higher energy
density and specific energy compared to design B. There is some tradeoff between E
and F as well; as F has the highest specific energy but E has higher power density than

F.
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It is possible select a best design without considering tradeoff based on a
specific C-rate and a specific performance metric. Table 31 shows the best designs for
a specific metric based on the volume flow rate used in the optimization.

Table 31: Best Design for a Specific Metric for Volumetric Flow Rate of 6.4

L/min
Performance Metrics Best Design
Specific Energy F
Specific Power B
Energy Density F
Power Density B

Design F can supply hot water for 69.4% longer time than Design B. However,
design E can provide similar energy density in the operating condition but has half the
pressure drop of design E. Considering these, design E can be selected as the best

design for our specific operating condition.

5.3 Web Tool Development

The RCM is used to develop a publicly accessible rapid simulation tool for
PCMHX by leveraging the low computational cost. The target is to allow the design
community to perform transient simulation of selected PCMHX geometries. The web
tool is hosted at a University of Maryland server. Currently the tool uses the validated
annular finned PCMHX model. Figure 55 shows a screenshot of the webtool where the
user can specify the annular finned PCMHX geometry. The tool is scalable and so a
user can provide the number of thermal batteries to get results for a battery array. The

tool is connected to a PCM database which has the properties of wide range of organic
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and inorganic PCMs. The user either select a PCM from the database

customized PCM thermophysical properties.
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Figure 55: Annular fin geometry specification window in web tool

or can use

The annular finned PCMHX can be simulated with different tube wall boundary

conditions. The available boundary conditions are the constant wall temperature,

constant heat flux and the conjugate heat transfer. The available heat loss boundary

conditions are adiabatic, constant heat flux and convective. The user can also choose

between three available radial grid sizes.

Figure 56 shows the result window of the web tool and in this window the user

can select a time step size and total run time before running the simulation. The user

can visualize plots for different important parameters such as liquid fraction, PCM
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temperature, energy stored etc. The user can also download the case file to get the

detailed simulation results from the model.
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Figure 56: Results window in the web tool
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Chapter 6 Conclusions, Contributions and Future Work

6.1 Conclusions

This thesis has presented the development and validation of resistance-
capacitance models for four different PCMHXs. The geometries are a) Rectangular
PCM enclosure enhanced with copper foam subject to constant heat flux, b) PCMHX
geometry enhanced with 3D lattice structures subject to constant heat flux, c)
cylindrical PCMHX with annular fin and tube in conjugate heat transfer with single-
phase heat transfer fluid d) cylindrical PCMHX with annular fin and tube enhanced
with copper foam, also in conjugate heat transfer. The thermal modeling parameters
such as the resistance and capacitance for the models are specified based on the thermal
properties of the PCMHX materials and the configuration of the container. All the
models were validated with experimental data and apart from model b) the models were
compared with CFD based models for accuracy and computational cost. RCM models
showed similar prediction capability as CFD with negligible accuracy penalty but up
to 5 orders of magnitude speed increase. Additionally, the computational efficiency of
RCM has been leveraged to optimize a PCMHX integrated with a domestic water
heater tank and to generate thermal Ragone plots. The main findings of this work are
concluded below:

e Quantify the impact of uncertainty in thermophysical properties on
performance prediction of PCMHX

o Insection 3.1, a CFD based model for annular finned PCMHX without

additional enhancement was developed and validated with experimental

data. It took approximately 105 hours and 50 hours to simulate 6000s
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of flow time for melting and solidification respectively for this simple
geometry. This study showed the prediction accuracy of CFD models
but also highlighted the high computational cost associated with it and
the necessity for a breakthrough in speed increase for PCMHX models.
o Cylindrical PCMHXs without fins and with annular fins have been
numerically studied in section 3.2 to find the effect of PCM
thermophysical properties (thermal expansion coefficient, viscosity and
melting range) on the prediction accuracy. The study underlines
challenges imposed by the inaccurate knowledge of p and B for accurate
prediction of PCMHX temperature profile and melting time with CFD.
For rapid simulation tool which can be reliably used for the evaluation
of different PCMs, focus should be given on geometries where the
momentum equations are not required to be solved. The values of p and
[ are not required if assumption of neglecting gravitational effects is
made. A fast solver is developed for geometries where this assumption
can be considered valid.
e Develop a flexible, computationally efficient, and accurate model for common
PCMHX
o A resistance-capacitance model was developed for the melting of PCM
with copper foam enhancement under constant heat flux in section 4.1.
The model was validated against experimental data in the literature and
compared with a CFD model. The mean deviations of CFD and

experimental temperature are found to be 1.62K and 2.97K for two for
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two thermocouples placed in the PCM domain. For RCM and
experimental temperature, the mean deviations are found to be 1.84K
and 2.96K for the same thermocouples. RCM was able to provide the
local temperature and energy storage prediction accurately with 5 orders
of speed gain compared to CFD. The study highlights that the diffusion-
based solvers can predict the thermal characteristics of PCMHX and
CFD based solvers are not necessary for this type of configuration.

In section 4.2, an RCM was developed for the melting of PCM in
periodic lattice structures with constant heat flux. The model takes the
non-uniform distribution of the metal into account by estimating area-
based porosity and converting it to volume-based porosity. The model
was validated against experimental data and shows good prediction of
both average PCM temperature and energy storage. The real-time factor
of the model was found to be in the order of 10* and the accuracy
penalty is negligible compared to the speed of the model.

Next, an RCM was developed for the cylindrical PCMHX with annular
fins in section 4.3. Compared to the previous models, this model is able
to work with conjugate heat transfer and the model was validated with
in-house test data in different operating conditions. A CFD model was
also developed for the comparison of computational cost and accuracy
with RCM. It was found that both the models can predict the average
PCM and outlet water temperature accurately. The RMSE of the water

outlet temperature was 0.45K for CFD and 0.63K for RCM. The RMSE
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of the average PCM temperature was 0.62K for CFD and 0.7 for RCM.
The results also highlighted that RCM was able to predict the thermal
characteristics with 10* orders of speed increase compared to the CFD
with negligible accuracy penalty.

o An extension of this model was developed by adding the copper foam
enhancement in the cylindrical PCMHX with annular fins in section 4.4.
Similar to the original one, the model was validated with in house
experimental results and compared with CFD. The results showed that
the RCM can predict the average PCM and outlet water temperature
accurately with 3x10* times faster speed.

e Demonstrate application of RCM for design optimization of PCMHX and
evaluate computational efficacy

o The prediction accuracy and speed of RCM was leveraged for the design
optimization of PCMHX integrated with a domestic water heater in
section 5.1. Several annular finned PCMHX optimized designs were
found using RCM with MOGA. The increase in the volume of the
designs did not exceed 10% of the original system and all the designs
supplied hot water for longer than the minimum required time. The
optimized designs can supply water for 751s-1478s with a material mass
increase of 2.44kg-4.62kg and an added water pressure drop of 26 Pa-
1860Pa.

o RCM can be used to generate thermal Ragone plots efficiently which

uses the analogies between current flow in batteries and heat flow in
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PCMHX to show trade-off between energy and power. The study in
section 5.2 demonstrated the sensitivity of the Ragone plots with the
change of setpoint temperature. A selection of the best design was made

based on the total time of hot water supply and total pressure drop.

6.2 Contributions

Development and validation of low-cost high accuracy PCMHX model

The main contribution of this study is the development of low-cost highly accurate and
validated models for different PCMHX geometries.

Computationally efficient optimization of PCMHX for peak load shaving

The second contribution of this work is the development of a computationally efficient
optimization approach based on RCM which can work with any PCM. The approach
was used to optimize designs for PCMHX integrated with domestic water heater which
can shift peak loads.

Web-based tool development

Additionally, a publicly accessible rapid simulation tool for PCMHX was developed
by leveraging the low computational cost of the RCM. The web-based tool can be used
by the design community for performance simulation of selected PCMHX geometries.
Laid groundwork for generalized RCM solver

This work would serve as a groundwork for a generalized RCM solver which can be

applied to solve any arbitrary resistance-capacitance network.
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6.3 Future Work

This study can pave the way for future development of reduced order model for

PCMHX. The following future work is recommended:

1)

2)

3)

4)

5)

6)

The current version of RCM uses a fixed time step and including sophisticated
implicit solver algorithms with adaptive time step can be useful for more
complex geometries and stiff problems

For integration with two-phase refrigerant, the model can be expanded to allow
for conjugate heat transfer with two-phase heat transfer fluid.

Experimentally validate optimum designs found in this work

Explore topology optimization for non-conventional and novel heat transfer
surfaces

Develop fast performance maps that can be integrated with building simulation
tools such as EnergyPlus and Modelica.

Develop a generalized RCM solver that can be applied to any arbitrary RC

network.

6.4 List of Publications

The following peer-reviewed conference papers were published from this

research-
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Purdue, 2021.
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Appendix

RCM for PCM Embedded in Porous Media

The thermal network parameters can be calculated with a simple explicit time-

marching formulation described in equations (45)-(51)

Q. =Q"Ai=1 (45)
: Ti— _Ti .
Q. =——";i>2 (46)
Ri—l,t
dTi,t+1 _ Qi,t _Qi+l,t
dt  C, (47)
dT.
Ti,t+At = Ti,t +—- At (48)
dt
L/N
Ri,t ~ Rcond = keﬁ—A’ Rnat_conv < Rcond (49)
Cos forT<T,
h
CPCM = Cp, s + T i for Tsol <T< Tmelt (50)
melt sol
Cp i for T>T
Ci,t =[y CPCM Prcm T -y )CFOAM Proam |\Y (51)

Where, i denotes a specific segment and t denotes a specific time step. Total
volume of a segment is denoted by V, area of a segment is A and total height of the
domain is L. The domain is discretized into N number of equal length segments. Riy,
Cit, Qit, Tit represents the thermal resistance, thermal capacitance, heat flow and

temperature of a specific segment at a specific time. PCM porosity, v, is 95%, B
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represents the liquid fraction, p, the density, and ket is the effective thermal

conductivity. For the latter, the same value from CFD is used in RCM.

Y
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Figure 57: Solver Flowchart for the RCM PCM Embedded in Porous Media
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Results End

RCM for PCM Embedded in 3D Periodic Structures

The thermal network parameters then can be calculated with explicit time-

marching formulation described in equations (52)-(62)
QHeater = Q"' A\Base (52)
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2 THeatert _TBaset
= et ' 53
QBase,t RHeater ( )
: TBase,t _Ti, it
Qi :Tej" =1 (54)
. Too—Toie
Qi,j,o,t =L > 2 (55)
I:ai,j,O
J Ti j _Ti j+ -
Qi,j,l,t - “—Jlt’ ] >2 (56)
Ri,j,l
0T Qo +Gim—Gunyor -G,
ijt i,j,0,t i, jLt i+1,j,0,t i, j+11t
= 57
dt ., 7
dT; ;.
Ti,j,t+At :Ti,j,t + dt -At (58)
L/M
Ri[, ~ Rcond = (59)
2 keﬁ,i,j"Aﬁ,j
W /N
Ri,',1 =, Rn t _conv <R nd (60)
i keﬁ’i’j ] A‘j at _col co
keff,i,j :7/i,jkPCM "‘(1_7i,j)ka||oy (61)
C.= [?/i,jCPCM Pocy + 1 i )Calloypalloy]vi,j (62)

Where, i denotes a specific segment lengthwise, j is widthwise and t denotes a
specific time step. Total volume of a segment is denoted by V, area of a segment is A,
total height of the domain is L and width is W. The domain is discretized into M x N
segments. Rijt, Cijt Qijt, Tijt represent the thermal resistance, thermal capacitance,
heat flow and temperature of a specific segment at time t. PCM porosity is, y, f
represents the liquid fraction, p, the density, and ke is the effective thermal

conductivity. Figure 58 shows the solver flow chart for the RCM.
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