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ABSTRACT

Solar energy is receiving a lot of attentions at present since it is a kind of clean,
renewable and sustainable energy. A major limitation however is that it is available for
only about 2,000 hours a year in many places. One way to improve this situation is to use
thermal energy storage (TES) system for the off hours. A novel method to store solar
energy for large scale energy usage is using high melting temperature encapsulated phase
change materials (EPCMs). The present work is a study of thermal energy storage
systems with phase change materials (PCMs). It is hoped that this work is to help
understand the storage capability and heat transfer processes in the EPCM capsules in
order to help design large EPCM based thermoclines. A calorimeter system was built to
test the energy stored in EPCM capsules and examine the storage capabilities and
potential for storage deterioration in EPCM capsules to determine the types of EPCMs
suitable for TES. To accomplish this, the heat transfer performances of the EPCMs are
studied in detail. Factors which could affect the heat transfer performance including the
properties of materials, the sizes of capsules, the types of heat transfer fluids, the gravity
effect of solid PCM, the buoyancy-driven convection in the molten PCM, void space
inside the capsule are given attention. Understanding these characteristics for heat
transfer process could help build the EPCM based thermoclines to make energy storage

economical for solar energy and other applications.



CHAPTER 1
INTRODUCTION

1.1 Motivation

Solar energy is one of the most attractive energy sources in the world. As a kind of clean,
renewable energy, it is receiving a lot of attention due to the finite nature of fossil fuels
and the pollution they cause. There are two popular approaches to use solar energy for
electricity generation. One is direct conversion of solar radiation into electric energy
using photovoltaic cells (PV cells); the other is conversion of solar radiation into thermal
energy for electric power generation in concentrating solar power (CSP) plants. The latter

approach lends itself to large-scale applications eventually at competitive costs.

However, there is limitation for solar energy usage; it is restricted by the availability of
solar radiation. Even in locations with favorable solar incidence, the diurnal solar
radiation provides only 6-8 hours of high radiant incidence per day. Thus, the solar power
plants could suffer low capacity factors. Therefore, solar energy is not widely used for
electricity generation at present. According to U.S. Energy Information Administration
2012 annual energy outlook, the supplies for U.S. electricity generation were 70% fossil
fuels, 20% nuclear, and only 10% renewable energy in 2010 [1]. Nevertheless, because of
the severe pollution problems on earth, electricity mix will gradually shift to lower-
carbon options, which is expected to be led by the exponentially growth of renewable

energy including solar energy in the future [1].



One way to improve upon the shortage of solar energy usage is to use thermal energy
storage (TES). TES system can store part of the solar energy captured during times of
high incidence of solar radiation to use for power generation during cloudy or night
periods, and help manage the matching of load-generation patterns to improve the plant

overall capacity factor.

1.2 Background and Survey of Literature

Thermal energy storage can be classified on the basis of storage mechanism: sensible
heat storage, latent heat storage, and thermo-chemical heat storage. For sensible heat
storage, the heat storage capacity depends on the mass of the media, its heat capacity and
the temperature rise. Therefore, sensible heat storage can only store relatively small
quantities of thermal energy with larger volume requirements of materials and larger
temperature difference of heat transfer fluid (HTF) between storing and retrieval energy
process. Compared to sensible heat storage, latent heat storage and thermo-chemical heat

storage can store larger quantities of thermal energy with smaller temperature difference.

For the thermo-chemical heat storage, a reversible gas-solid chemical reaction under the
addition of heat is potential to store thermal energy. An ideal reaction scheme is that a
solid compound is charged with heat and dissociates to two components, a solid
component and a gaseous component, for heating process. And the stored heat can be
released when the two components are brought together to react back to one solid
compound during discharging process. In order to obtain a high energy density,
condenser is needed to condense the gaseous component to reduce the volume of the

product in the reaction, which makes the storage system much more complex. Therefore,



although thermo-chemical heat storage can store high quantities of thermal energy, it still

has a lot of uncertainties in its application. Its development is still atan early stage.

The latent heat storage can store the latent heat in a constant phase transition temperature
besides the sensible heat in two phases. The latent heat storage has a higher storage
density compared to the sensible heat storage. Therefore, latent heat storage can greatly
minimize the volume of the materials and thus reduce the size of the storage system.
Moreover, the temperature change of the system can be smaller for the same energy

requirement, which may greatly increase thermal efficiency of the overall system.

Thermal energy storage systems usually use one tank or two tank systems for heat storage
in CSP plants [2]. A two-tank system uses one tank for high temperature heat transfer
fluid directly from the solar receiver and the other tank for low temperature heat transfer
flud from the steam generator [2]. One-tank thermocline based systems eliminates the
second tank and reduces the volume of the system. However, it is more difficult to
separate low temperature HTF from high temperature HTF in one-tank system and thus
more difficult to operate. Cascaded latent heat storage has also been proposed for TES in
CSP plant [3]. Several PCMs with different melting points are to be used in the
thermocline. The PCM with the material of highest melting point is located at the top of
the storage system and material of lowest melting point at the bottom of the storage
system. With variable HTF temperature in the thermocline, such a thermocline could

meet the melting points of the different levels of PCMs. Additionally, such a thermocline



with several PCMs (or an infinite number of PCMs) could lend itself to near isothermal

heat transfer enabling a high exergy system.

Storage of thermal energy using latent heat is potentially an attractive method to store
solar thermal energy since it could enable near isothermal and high exergy storage
conditions. Thus, the current work focus is on the latent heat storage using phase change

materials (PCMs) for large scale generation of electrical power.

Numerous phase change materials, which can be used for low temperature (below 120
'C) thermal energy storage, such as for space heating, etc., have been studied in the past
decades. They can be categorized into two classes: organic and inorganic salt hydrates [4-

13].

Organic phase change materials have poorer heat transfer properties, such as lower
density, and are more expensive than inorganic salts in general. However, organic
materials usually do not suffer segregation and subcooling problems during thermal
cycling, which can be a severe problem for some salt hydrates. Organic materials include
paraffin waxes, fatty acids, and sugar alcohols [7]. They have been used in many
developmental studies recently. Paraffin waxes have been commercially used for active

forced hot-air systems [12].

Salt hydrate phase change materials that have been studied include CaCl,-6H,0,

MgCl-6H,0, Na;SO4-10H,0, etc. They offer a range of operating temperatures, melting



points ranging from 7 to 117 'C [12]. Salt hydrates have high latent heats of fusion; better
heat transfer properties compared to organic materials, and are relatively cheap.

However, some of them suffer from segregation and sub-cooling problems.

Many salt hydrates do not solidify right away when the temperature of the materials is at
or below the melting temperature. This phenomenon is called subcooling. During
subcooling, the phase change materials are in a metastable state, which implies not being
in thermodynamic equilibrium. To reduce or suppress subcooling, nucleating agents are

added to the phase change materials [7].

The effects of segregation, also called semi-congruent or incongruent melting, are a
potential problem with phase change materials consisting of multiple components [7]. A
typical example is salt hydrate consisting of two components, salt and water. During the
melting process, some salt hydrates undergo a peritectic reaction generating two phases,
aqueous salt solution and a solid lower hydrate or a solid anhydrous salt. Thus,
segregation occurs because solid hydrates or anhydrous salts are denser than liquids,
which leads to the lower hydrate difficult to recombine with water in the solidification
process. It thus can result in irreversible processes thus reducing the latent heat storage
capability of PCMs. To overcome the segregation problem, gelling additive are used with
the phase change material [7]. Additionally, encapsulation methods can also be used to
reduce such separation problems. More studies are needed on these stability problems for

salt hydrate PCMs.



While low temperature phase change materials have been widely studied extensively,
there is a significant need for high temperature phase change materials, whose melting
points are above 200 'C, for large scale thermal energy storage for electricity generation
(100 MW, plants for 6 to 24 hours). High temperature PCMs will enable the generation
of high enthalpy steam for better Rankine cycle performance. A few research groups are
studying the viability of PCMs for thermal energy storage [2,3,14,15]. Current work
concentrates on high temperature phase change materials for thermal energy storage

(TES).

Table 1.1 Phase change materials with melting points from 300 "C to 800 "C [14-23].

Phase Change Materials . . . .
Composition (mole%) Melting Points ( C) Heat of Fusion (kJ/kg)

NaNO; 308 173

KNO; 337 100

Zinc 420 113

NaCl/MgCl, (57/43) 444~ 292"
NaCl/CaCl, (48/52) 500 278
CaCl,/NaCl (52.1/47.9) 504 278
BaCl,/MgCl, (42.9/57.1) 559
BaCl,/CaCl, (35.9/64.1) 608
CaCl,/MgCl, (47.4/52.6) 617
BaCl,/NaCl (39.9/60.1) 651

Aluminum 660 397.3
NaCl/KCI (50/50) 685

NaF/KF (40/60) 710 403.3
MgCl, 714 454

KCI 770 356.3

CaCl, 782 255.7

NaCl 800 430"

" Measured or calibrated in Lehigh University

There are many potential high melting temperature PCMs which can be used for TES.
Table 1.1 shows different types of PCMs with melting points from 300 'C to 800 C.
They have relatively large latent heat of fusion and thus can store huge amount of solar
energy for a given mass of storage material. Nevertheless, some salt PCMs can be

7



corrosive or have other problems during heating/cooling thermal cycles. Therefore,

detailed studies are required for these materials before they can be useful to industry.

1.3 Encapsulated Phase Change Materials

Encapsulated phase change materials (EPCMs) are of interest since encapsulating can
increase the heat transfer surfaces, avoiding the large thermal resistances related to heat
conduction in PCM for tank storage systems. Thus, encapsulating can help to shorten the
heat transfer times for PCM [24,25], especially for those materials with low thermal
conductivities. Furthermore, some phase change materials, such as salt hydrates or some
eutectic salts, suffer sub-cooling and segregation problems during thermal cycling [7,26].
And encapsulation could help to mitigate such problems. Moreover, encapsulation can
also protect the PCM from exposure and potential corrosion with heat transfer fluid.
Nevertheless, encapsulation materials can raise other problems, such as compatibility

with encapsulation material, machinability for encapsulating materials, etc.

Besides, encapsulation should stand the stresses in the material and allow for volume
change of the PCM during melting-solidification cycling. Stress analysis for various
EPCM shapes has been conducted by James J. Blaney [27,28], a master student graduated
from Mechanical Engineering Department in Lehigh University, for the EPCM capsules as
it was experiencing the volume change due to phase change and thermal expansion.
Blaney et al. concluded that it is essential to leave sufficient void in the EPCM to

minimize the pressure inside and to maintain structural integrity of the EPCM. These



studies also showed that encapsulation material has to be sufficiently thick to prevent the

deformation of the capsule caused by the stress exerted on the shell.

Using encapsulated phase change materials to store solar energy at high temperatures
(above 300 'C) is expected to be a novel thermal storage technology for solar power
generation. There have been numerous reports documenting modeling of solidification or
melting process of single and multi-component materials [29-36]. Li et al. [29,30] used
front-tracking method to solve the solidification problem; Davis, S.H. [31], Coriell et al,
1985 [32] studied the solidification process in a binary liquid; Glicksman et al. [33],
Coriell et al., 1984 [34], Murray et al. [35], Fang et al. [36] considered the convection at
crystal-melt interfaces. Nevertheless, not too many of these have studied high
temperature encapsulated phase change materials. Thus the focus of present work dealing
with the modeling as well as the experiments of high temperature EPCMs is expected to

be timely.

1.4 Objectives

The present work focuses on high melting temperature encapsulated phase change
materials for TES for CSP plants. As part of this effort, a unique calorimeter system was
built in Lehigh University in order to determine the enthalpy changes and enthalpy of
fusion for phase change materials over the temperature range of interest. The calorimeter
system was also used to test whether or not there is deterioration of storage capability of

EPCMs after multiple thermal cycles or after long-term exposure at high temperatures



(above the melting points of PCMs) to determine the types of EPCMs suitable for thermal

energy storage.

Fundamental heat transfer analysis was also conducted to investigate high temperature
energy storage using EPCMs in order to help the design of EPCM based thermoclines.
One-dimensional as well as two-dimensional heat transfer analysis was studied for
EPCM capsule model. Numerical computer codes developed as part of this work were
used to analyze the heat transfer performance of EPCM considering various factors,
including the gravity effect of solid PCM, the buoyancy-driven convection in molten
PCM and the volume expansion during phase change. All these factors will be discussed

in detail in the following chapters.

Several kinds of PCMs were considered for the experiments and simulations, including
metal like zinc and aluminum; salts like NaNOs, NaCl-MgChL eutectic (57% mole
fraction NaCl and 43% mole fraction MgCl,), MgCh, and NaCl. Stainless steel or carbon
steel was selected as the encapsulation shell with around 1.5875 mm (1/16 inch)
thickness. After considering various shapes and machinability by the students from
Material Science & Engineering Department in Lehigh University, cylindrical shaped

EPCM capsules were proposed to be used for TES.
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CHAPTER 2

EPCMs FOR TES - CHARACTERIZATION BY
CALORIMETRY

2.1 Motivation

In order to examine the storage capabilitiecs of EPCM capsules, an immersion calorimeter
system was built to determine the enthalpy changes and enthalpy of fusion for phase
change materials over the temperature range of interest. Calorimetry was also used to
examine whether or not the high melting temperature PCMs behaved as desired, storing
thermal energy in a thermal cycle with complete phase change and no energy losses with
repeated thermal cycles. The calorimeter system was used to investigate any potential
deterioration in storage capacity of EPCMs over multiple thermal cycles, and test the
storage performances of EPCMs after long-term (hundreds of hours) exposure to high

temperatures environments.

2.2 Calorimeter Design and Operation

The calorimeter was initially designed, fabricated and tested by another doctoral research
assistant in Lehigh’s Department of Chemical Engineering, Ms. Ying Zheng. During the
current work, various modifications in the hardware and operational procedure were

incorporated to improve performance.

The primary component of the calorimeter system is an insulated stainless steel vessel
containing a known amount of silicone oil fluid, as shown in Figure 2.1, from the paper
by Zheng et al [37]. The selected silicone oil (Dynalene 600) has a high flash point (315

‘C in open atmosphere) and low vapor pressure, which could help to avoid bubble

11



nucleation and evaporation when contacted by high temperature EPCM samples. In order
to handle the sizes of the EPCM samples used in the present work, approximately 4.5 kg
of the silicone oil is required. This amount of silicone oil fluid is selected to optimize
accuracy of experimental measurements. A larger mass of silicone oil would reduce
temperature rise of the calorimeter when heated sample is immersed into the calorimeter
system, which would make the accuracy of temperature measurement worse. Smaller
mass of silicone oil would increase the effect of heat loss to ambient air. Either of these

could have reduced accuracy of the calorimeter measurements.

The vessel containing silicone oil is made of thin stainless steel insulated with an external
layer of polymer foam. Two concentric guard cylinders are placed outside the vessel to
further reduce the heat losses to the surroundings as well as minimize the temperature
measurement noise of the two thermistors during the experiment. Moreover, since
thermal conductivity of silicone oil is relatively low, an electric power mixer is used for
stirring the fluid in the vessel to achieve uniform temperature in the calorimeter system
during experiment. A stainless steel wire is welded on the top of the test sample to
suspend the EPCM capsule in the silicone oil during tests. Thermistors in the silicone oil
flud and between the vessel and external guard cylinders accurately monitor calorimeter
system and ambient air temperatures, respectively, as sketched in Figure 2.1. All
measurements are recorded as functions of time by a data acquisition system (DAS) into

a computer.

12
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1- Stainless steel container with foam insulation 5- Thermistor in calorimeter
2- EPCM sample 6- Thermistor for ambient air
3- Silicone oil (fluid) 7- Guard cylinder #1
4- Stirrer 8- Guard cylinder #2

Figure 2.1. Schematic of calorimeter [37]

In each experiment, the test encapsulated phase change material sample would be
thermally charged by heating to a selected high temperature in an external furnace. To
achieve a uniform temperature through the sample, it is enclosed in insulation material
for medium operation temperature in the furnace (from 200 'C to 550 C), or put in a
metal chamber for high operation temperature in the furnace (above 550 C). Three
thermocouples are placed around the circumference of the sample to measure its
temperatures, and an average reading of the three thermocouples is taken to represent the
temperature of sample. Meanwhile, the calorimeter (vessel, stirrer, silicone oil fluid, and
guard cylinders) would be maintained at the laboratory room temperature. When steady

state conditions are achieved for both the calorimeter and test sample, the sample would
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be thermally discharged by rapid immersion in the silicone oil fluid in the calorimeter.
Temperature of the fluid is recorded as heat transfer occurred between the sample and the

calorimeter, providing the data needed to determine energy stored in the sample through

the discharging process in the calorimeter.

Ts0¢
Il | == == FPCM Temperaiure
i : = Calorimeter Temperature
} | weemmee Ambient Air Temperature
i
\ I
1 |
‘ |
3 1
= :Ts |
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Figure 2.2. Example of temperature transients in calorimetric experiments [37]

Figure 2.2 shows a typical record of the transient energy transfer process between sample

and calorimeter, where
Ts = sample temperature
T. = temperature of the oil-filled calorimeter

Ta = outside air temperature between vessel and guard cylinders

At time to, the preheated sample is rapidly immersed into the silicone oil fluid and starts
to cool, transferring its thermal energy to the calorimeter system. As the sample
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temperature, Ts, decreases, the calorimeter temperature, T, rises, until the two
temperatures equilibrate at time te. This equilibration time, te, varies significantly with
thermal diffusivity of the PCM and capsule size. For each capsule sample, the magnitude
of t. was obtained by numerical analyses of the transient heat transfer process within the
capsule, including effect of phase change. In the experiments, analysis is taken for the
data at times greater than te to avoid errors from non-equilibration. At times greater than
te, the combined temperature of sample and fluid declines slowly because of the heat loss
from the calorimeter to its surroundings. The calorimeter temperatures recorded after the
equilibration time provides the information to calculate the total energy transferred to the
calorimeter system from the preheated sample. Therefore, it is possible to determine the
thermal energy stored in the sample, Qepcm_Exp, at preheat temperature Tso. The following

equations are used to calculate the energy stored in the EPCM capsule.

QEPCM_Exp = Q¢ — Qoss (2.1)
Qe =mCpe(Te = Tep) 22)
Qner = [ZCalo.+EPCM mc, % ][aﬂer o = —hA(T, = Tp) + Qmixer (2.3)
Quoss = Jy, Qnerdt = [, [RAT, = T) + Quier ] dt (24)
QEPCM_Theo = Qcap + Qpcu (2.5)
Qcap = Meap Jy° Cpeap 4T (26)
Qpcm = mPCMC;lo,PCM(Ts,o - Tm) + Mpey L + mPCMC;,PCM (T —T,) (2.7)

In order to use equations (2.1)-(2.7), it is necessary to know values for the net heat loss to
surroundings, Qoss, and the effective heat capacity of the calorimeter (including vessel,

silicone oil fluid, etc.), Cpc.
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The net heat loss from calorimeter to surroundings, Qss, has to be determined
individually for each test, since its value varied with operating temperature, ambient air
conditions, and power input to stirrer. In a given experiment, the transient temperatures
are recorded as illustrated in Figure 2.2. After equilibration of sample temperature and
calorimeter temperature (after time t¢), the calorimeter temperature slowly decreases
because of the net heat loss to the surroundings. The heat loss rate, measured from the
transient temperature data after time te, provides the information needed to determine the

two coefficients hA and Q,,;,., In equation (2.3). Knowing these coefficients, cumulative
heat loss from the calorimeter, Qss, could be calculated by integrating Q,,., from initial

immersion time of the sample to any subsequent time t, as indicated by equation (2.4).

Calibration for the heat capacity of the calorimeter (including vessel, silicone oil, etc.)
was accomplished by using standard samples with known properties. Two such samples
were fabricated using solid stainless steel 304, with different masses and dimensions, as
listed in Table 2.1. The thermal properties of stainless steel 304, are listed in Table 2.2.
Since the heat capacity varies with temperature, the thermal energy stored in a stainless

steel sample is obtained by integration the heat capacity over the temperature range.

Table 2.1. Standard samples.
Material of Sample  Mass of Sample (g) Size

Stainless Steel . 38.1 mm Diameter x
Sample A Stainless Steel 304  834.3 101.6 mm Height
Stainless Steel Stainless Steel 304  185.1 25.3 mm Diameter x

Sample B 46.4 mm Height
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Table 2.2. Thermal properties of stainless steel 304 [19].
Meltin Heat Capacity (J/kg K)

Point (C) 300 K 400 K 600 K 800 K 1000 K 1200 K 1500 K

Stainless

Steel 304 1397 477 515 857 582 611 640 682

By preheating these samples of different masses to various temperatures, it was possible
to obtain calibration of the heat capacity of the calorimeter over a range of calorimeter
temperatures, as graphed in Figure 2.3. The result is well represented by the following
dimensional equation, in the temperature operation range of 25-60 C.

Cpe = 2.05 x T, + 1.39 x 10° (2.8)

where ¢, is the effective heat capacity of calorimeter (vessel, silicone oil fluid, etc.) in

Jkg-K and T is its temperature in "C.
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T
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26 28 30 32 34 36 38 40

Temperature (°C)
Figure 2.3. Calibrated heat capacity of calorimeter system
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After the calibrations for the heat capacities of calorimeter system, c,., the same
procedure was used to obtain experimental measurements of thermal energy storage in

the EPCM samples, Qepcm exp, in the following tests.

An analysis of measurement uncertainty in this calorimetric procedure was conducted,
indicating a maximum uncertainty of 1.6% in final value of stored energy, Qepcm exp. The
following part will discuss about the calibration of the calorimeter system. The
calibration will include both measurement uncertainty and operation uncertainty during

the experiments.

2.3 Calibration of Calorimeter System

Before testing the encapsulated phase change materials, it is necessary to verify validity
of the calorimetric measurements and data analysis by testing standard samples for which
energy storage could be calculated directly from their known thermal properties, enabling
direct verification of energy balance. Four standard samples were fabricated, two of solid
stainless steel and two of encapsulated zinc. The steel samples stored only sensible heat
(without phase change), while the zinc samples stored both sensible heat and latent heat
of fusion. The published properties of stainless steel are given in Table 2.2 abowve;
properties of zinc are given in Table 2.3.

Table 2.3. Thermal properties of zinc [19-21].
Heat Capacity in Solid State Heat Capacity in

Melting (/kg-K) Liquid State Latent Heat (kJ/kg)
Point ( C)
300 K 400 K 600 K 693 K (J/kg-K)
Zinc 420 389 405 441 473 505 113
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The sample temperatures were measured by embedded or three externally mounted
thermocouples. The thermocouples provided direct measurement of initial sample
temperatures at start of immersion into the calorimeter, Tspo, for determination of enthalpy
change during the tests. Figure 2.4 shows a representative record of such a run [37].
When the heated sample is immersed into calorimeter system, the sample temperature
drops quickly while the calorimeter temperature rises rapidly, as represented in Figure

2.4.
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Figure 2.4. Example of transient temperatures from \erification test[37]

The sample and calorimeter temperatures equilibrate after a certain time during the
cooling process as desired, providing the information needed to determine the energy
stored in the sample capsule from equations (2.1)-(2.7), as experimentally measured in

the calorimeter run, Qepcm_xp, COMpared with a theoretical value, Qepcm_Theo-

19



Results of this comparison can be expressed as percentage discrepancy between

experimental and theoretical values of stored energy, expressed as:

Discrepency % = e Theo=rpcm Exp 5 1)) (2.9)
QEPCM Theo

Results of these verification tests for energy balance, with four different samples, at
initial temperatures varying from 250 ‘C to 490 C, are tabulated in Table 2.4. For both
sensible heat storage (with stainless steel) and phase change storage (with zinc), it is
noticed that energy balances were satisfied within +1.5% discrepancy. Thus, the accuracy

of the calorimeter experiment is expected within +2.0%.

Table 2.4. Verification tests.

Using Three Thermocouples

Sample Measured around Sample Using Intemal Thermocouple

(Initial Energy Stored  Theoretical Theoretical
Temperature) Qepcm_exp(KJ)  Energy Stored  Discrepancy Energy Stored  Discrepancy
QepcM Theo (KJ) QepcM_Theo (KJ)

Stainless Steel

Sample B Testl 452 45.8 14 %
(490 "C)

Stainless Steel

Sample B Test2 215 21.6 05 %
(250 "C)

Stainless Steel

Sample C Testl 60.7 59.9 -13% 60.6 -0.2 %
(280 "C)

Zinc Sample A

Testl 45.9 46.2 0.6 %
(480 "C)

Zinc Sample B

Testl 47.3 47.0 -0.8 %
(490 "C)

2.4 Performance of EPCMs
Several types of PCMs have been tested, including metal materials (zinc, aluminum),

inorganic salts (NaNOgs, NaCl, MgCh), and eutectic salts (NaCIl-MgCl eutectic).
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2.4.1 Metal Materials
Zinc and aluminum (metal materials) are selected as PCMs, encapsulated by stainless
steel shell. Thermal properties of both materials are well known. The properties of zinc

are shown in Table 2.3 above. Thermal properties of aluminum are illustrated in Table

2.5.
Table 2.5. Thermal properties of aluminum [19,23].
) Heat Capacity in Solid State Heat Capacity
PMeIt"!g W/kg-K) in Liquid State  Latent Heat (kJ/kg)
oint ( C) koK
300 K 500 K 700 K 900 K (V/kg-K)
Aluminum 660 903 1001 1086 1226 1177 397.3

Three zinc EPCMs and one aluminum EPCM were fabricated for the calorimeter
experiments. Table 2.6 gives details of these samples, listing the phase change material,

the encapsulation material, the capsule dimensions, and the mass of PCM in each sample.

Table 2.6. Metal based EPCM capsules.
Encapsulation Size Mass of PCM (g)

25.4 mm Diameter x 50.8 mm

Zinc EPCM 1  Stainless Steel 304 . 103.7
Height

Zinc EPCM 2 Stainless Steel 304 ZHifgr:’t‘m Diameter x 508 mm 97.7

Zinc EPCM 3 Stainless Steel 304 ZHifngt]m Diameter x 508 mm 9.6

Aluminum . 25.4 mm Diameter x 50.8 mm

EPCM 1 Stainless Steel 304 Height 24

A typical example of temperature records obtained from one calorimeter experiment for
zinc EPCM is displayed in Figures 2.5 and 2.6. Figure 2.5 displays the temperature
history for the entire 1.65x10* seconds (around 4.6 hours) of the experiment, including
the preheating charging period when the sample temperature was raised from room
temperature to around 450 'C. At time of approximately 8.5x10° seconds, the heated

sample was immersed into the calorimeter fluid and began to thermally discharge,
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equilibrating with the calorimeter temperature. Figure 2.6 shows an expanded trace of the
equilibration process. These measurements of transient temperatures provided the
requisite data for calculating energy stored in the EPCM capsule as it cooled from its
charged temperature (450 'C) to the discharged temperature (around 29 'C), utilizing

equations (2.1)-(2.7) as described above. Data of this nature occurs for each experiment

for all the EPCM capsules.
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Figure 2.5. Example of temperature history for encapsulated phase change material in calorimeter
experiment
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Figure 2.6. Expanded trace of temperature transient for ECPM during equilibration period in
calorimeter experiment

Table 2.7 illustrates the thermal storage capability of zinc EPCM capsule after multiple
charging/discharging cycles. Measured energy from EPCM is the total energy stored in
the sample during heating process calculated through the calorimeter system. Anticipated
energy is the theoretical energy stored in EPCM capsule calculated based on the
properties of the materials. According to the experimental results, the measured total
energy stored in the capsule decreases with thermal cycles. After about seven thermal
cycles of heating/cooling process, the energy stored in the capsule is dropped

approximately 12%.

The liquid state zinc interacts with stainless steel shell, forming an intermetallic
compound between zinc and stainless steel during heating/cooling thermal cycles. The

undesired alloy formed between metal materials would reduce the latent heat storage
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capability of zinc. Therefore, the energy stored in the zinc EPCM diminishes with
melting-freezing cycles.

Table 2.7. Energy stored in zinc-stainless steel EPCM (NO PAINT IN THE CAPSULE) in multiple
thermal cycles.

Anticipated Measured Ratio of Measured

Sample Charged Discharged  Energy from Energy from & Anticipated

Cycling Number Temp. (C) Temp. (C)  Zinc EPCM Zinc EPCM Energy from Zinc
(kJ) (kJ) EPCM (%)

Zinc EPCM 1

Thermal Cycling 1 455 21 46.8 474 101.3

Zinc EPCM 1

Thermal Cycling 2 495 21 46.7 45.8 97.9

Zinc EPCM 1

Thermal Cycling 3 460 27 46.9 44.3 94.5

Zinc EPCM 1

Thermal Cycling 4 460 21 46.6 43.3 92.9

Zinc EPCM 1

Thermal Cycling 5 465 2 41.2 430 91.2

Zinc EPCM 1

Thermal Cycling 6 475 265 48.1 42.9 89.2

Zinc EPCM 1 485 275 489 129 677

Thermal Cycling 7

In order to reduce the deterioration of storage capability of zinc capsule, a type of less
reactive material was used to paint inside the encapsulation shell to prevent the
intermetallic compound formed between zinc and stainless steel. Tables 2.8 and 2.9
illustrate the energy stored in zinc capsule (with paint inside capsule) in multiple thermal
cycles and after long-term exposure at high temperature. The paint material inside
stainless steel shell can mitigate the problem a little, but the total energy still drops after
hours of heating process. Sample was heated up to 450 'C and held at this temperature for
six hours, then cooled down, and heated up again to 450 "C and held for six hours. Repeat
this heating/cooling process six times, it got total 36 hours for heating process. The paint
material inside the shell could not help to prevent the deterioration of storage capacity for

EPCM after hours of heating/cooling process.
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Table 2.8. Energy stored in zinc-stainless steel EPCM (PAINTED INSIDE CAPSULE) in multiple
thermal cycles and after long-term exposure at high temperature.

Anticipated Measured Ratio of Measured

Sample _lez;rged Discharged  Energy from Energy from & Anticipated

Cycling Number ) p. Temp. (C)  Zinc EPCM Zinc EPCM Energy from Zinc
(kJ) (kJ) EPCM (%)

Zinc EPCM 2

Thermal Cycling 1 480 335 50.7 515 101.6

Zinc EPCM 2

Thermal Cycling 2 480 325 511 51.8 101.3

Zinc EPCM 2

Thermal Cycling 3 490 32 52.1 52.5 100.7

Zinc EPCM 2

Thermal Cycling 4 490 32 51.9 52.5 101.3

Zinc EPCM 2

After 36 hrs Heating 465 32 49,5 46.4 93.8

Processat 450 C

Zinc EPCM 2

After 36 hrs Heating 470 29 49.9 46.7 93.6

Processat 450 C

Zinc EPCM 2

After 36 hrs Heating 470 29.5 50.1 45.6 90.9

Process at 450 'C

Table 2.9. Energy stored in zinc-stainless steel EPCM (PAINTED INSIDE CAPSULE) after long-
term exposure at high temperature.

Charged _ Anticipated Measured Ratio of Measured &
Sample Temp Discharged  Energy from  Energy from  viiover Eneray
Cycling Number (0 Temp. (C) ﬁ!?)c EPCM (Zlin)c EPCM from Zinc EPCM (%)
Zinc EPCM 3
After 36 hrs
Heating Process at 450 29 482 47.7 99.0
450 C
Zinc EPCM 3
Aﬂer 72 hrs 45 20 473 s 00
Heatolng Process at
450 C

Furthermore, aluminum EPCM capsule was also tested for its thermal performance, as
illustrated in Table 2.10. It seems a little better than zinc capsule. There is no obvious
thermal storage deterioration in aluminum capsule after several thermal cycles.
Nevertheless, after 500 hours long-term exposure at 720 'C (aluminum melting point: 660

'C), the storage capability also decreases about 5%.
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Based on the calorimetry tests for metal PCM capsules, metal based EPCMs are seen to

have some problems with thermal energy storage because of the potential intermetallic

compound formed between PCM and encapsulation material. The formed alloy between

PCM and shell would reduce the latent heat storage of PCM. In order to use metals as

PCMs in TES systems, less reactive encapsulation materials, such as ceramic, quartz,

etc., should be used to encapsulate metal PCMs. Additional work is needed to draw

definitive conclusions in this regard.

Table 2.10. Energy stored in aluminum EPCM inrepeated thermal cycles and after long-term
exposure at high temperature.

Charaed Theoretical Measured Ratio of Measured
Sample Temg Discharged Energy from Energy from & Theoretical
Cycling Number (ec)p' Temp. (C)  Aluminum Aluminum Energy from
EPCM (kJ) EPCM (kJ) Aluminum EPCM

Aluminum EPCM
Mini-Cycle 1 710 315 755 75.3 99.6 %
Aluminum EPCM

0
Mini-Cycle 2 710 31 75.3 74.1 984 %
Aluminum EPCM

0,
Mini-Cycle 3 700 315 74.7 76.0 101.8 %
Aluminum EPCM 0
Mini-Cycle 4 720 305 76.1 74.6 98.0 %
Aluminum EPCM
Mini-Cycle 5 710 31 75.7 77.1 101.9 %
Aluminum EPCM

0,
Mini-Cycle 6 710 32 755 76.0 100.7 %
After 500 hrs
Heating Process at 704 31 74.9 72.4 96.6 %
720 C
After 500 hrs
Heating Process at 715 335 75.9 721 95.1 %

720 °C

2.4.2 Inorganic Salts

EPCMs with high melting temperature salts as PCMs were tested using immersion

calorimetry experiments. NaNOj, NaCl-MgClL eutectic (57% mole fraction NaCl and
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43% mole fraction MgClk), MgChk, and NaCl are selected as the PCMs. Specific
enthalpies over the temperature ranges of interest for both solid and liquid phases, phase-
transition temperatures, and latent heats of phase change are needed for the theoretical

enthalpy changes. However, only some of these properties are available from literature.

Thermal properties of NaNOs3 as reported in the literature [14,17,18] have been used here;
the melting temperature is reported to be 308 'C [16]. Additionally, this salt is reported
to have a solid-phase transition around 275 ‘C [14,17,18]. For NaCl-MgCl, eutectic, the
melting point was determined by differential scanning calorimeter (DSC) measurement to
be 444 °C (measured by Sabol, J.C. et al. of Material Science & Engineering Department
in Lehigh University [38]). Melting point for MgCl, is 714 'C [16] and the melting
temperature of NaCl is 800 'C [16]. Enthalpy values reported in the literature for NaNO3
evidenced discrepancies [14,17,18]. No applicable enthalpy values were found in the
literature for NaCl-MgCl, eutectic; the one reported value for latent heat is for a
composition different than the eutectic composition [15]. There is also lack of enthalpy
values for anhydrous MgCl, and NaCl from literature. Therefore, it is necessary to obtain

some additional enthalpy data for these PCMs in the temperature ranges of interest.

Figure 2.7 shows enthalpy values of PCMs from calorimeter experiments. According to
the calorimeter experiments, NaNOs experimental enthalpy values are close to the
reference values. Compared the calibrated enthalpy values of these PCMs with the
measured enthalpy values in multiple thermal cycles, it could test whether or not there is

storage capacity deterioration in the EPCM capsule.
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Enthalpy of MgCh
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There are twelve salt based EPCM capsules fabricated for calorimetry experiments. Table
2.11 gives details of these samples, listing the phase change material, the capsule
material, the capsule dimensions, and the mass of PCM in each sample.

Table 2.11. Salt based EPCM capsules.

EPCM Samples Encapsulation Size Mass of PCM (g)
NaNO; EPCM 1 Carbon Steel 1018 ﬁfﬁ%ﬂm Diameter x 127.mm 996
NaCl-MgCl, Eutectic . 25.4 mm Diameter x 50.8
EPCM 1 Stainless Steel 304 mm Height 28.8
NaCl-MgCl, Eutectic . 25.4 mm Diameter x 50.8
EPCM 2 Stainless Steel 304 mm Height 239
NaCl-MgCl, Eutectic 50.8 mm Diameter x 127 mm
EPCM 3 Carbon Steel 1018 Height 284.6
NaCl-MgCl, Eutectic 50.8 mm Diameter x 127 mm
EPCM 4 Carbon Steel 1018 Height 282.5
NaCl-MgCl, Eutectic ; 25.4 mm Diameter x 50.8
EPCM 5 Stainless Steel 304 mm Height 29.3
NaCl-MgCl, Eutectic . 25.4 mm Diameter x 50.8
EPCM 6 Stainless Steel 304 mm Height 29.6
. 25.4 mm Diameter x 50.8
MgCl, EPCM 1 Stainless Steel 304 mm Height 28.3
MgCl, EPCM 2 Stainless Steel 304 224 Mm Diameter x 50.8 26.1
mm Height
. 25.4 mm Diameter x 50.8
MgCl, EPCM 3 Stainless Steel 304 mm Height 26.4
NaCl EPCM 1 Stainless Steel 304 254 mm Diameter x 50.8 27.0
mm Height
NaCl EPCM 1 Stainless Steel 304 2>4 MM Diameter x 508 g ¢
mm Height

Table 2.12 displays the energy stored in salt based EPCM capsules at the initial thermal
cycle. According to the calorimetry results, all of the four PCMs behaved as designed,
storing thermal energy in a thermal cycle with completed phase change. Based on the
theoretical amount of energy stored in a given thermal cycle as displayed in Figure 2.7,
the actual amount of energy stored in the PCM calculated through each calorimeter
experiment can be compared with it. It is noticed that in their first thermal cycles, the four
PCM salts performed as designed with completed phase change. The agreement between

theoretical and measured values is within 2%.
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Table 2.12. Energy stored in EPCMs in initial thermal-cycle.

Charged Theoretical Measured Agreement — Ratio

EPCM Samples Temp. Discharged _Stored Energy stored Energy  of Meas_ured to
(0 Temp. (C) in EPCM in EPCM Theoretical Energy

Qepcm Theo(K)) — Qepcm Exp(KJ)  stored (%)

NaNO; EPCM 1 350 47 2374 236.7 99.7

NaCl-MgCl,

Eutectic EPCM 1 490 29 41.6 418 100.5

NaCl-MgCl,

Eutectic EPCM 2 490 28 38.6 39.1 101.3

NaCl-MgCl,

Eutectic EPCM 3 490 50 264.0 262.7 99.5

NaCl-MgCl,

Eutectic EPCM 4 490 51 264.5 269.5 101.9

MgCl, EPCM 1 745 33 58.2 58.5 100.4

MgCl, EPCM 2 745 33 56.1 56.0 99.9

MgCl, EPCM 3 745 33 56.2 56.6 100.8

NaCl EPCM 1 830 30 65.0 64.3 98.9

NaCl EPCM 2 850 30 65.9 66.3 100.5

Figures 2.8 and 2.9 represent the agreement between measured energy and theoretical
energy stored in salt based EPCM capsules in multiple thermal cycles in order to examine
whether or not the storage capacity of EPCMs would diminish. Such diminishment could
imply undesirable changes in the salt medium, possibly due to chemical interaction with
the capsule walls. The graphs do not show obvious diminishment of storage capacity of
the four kinds of EPCMs after repeated thermal cycles. The agreements remains within
2% for all cycles and all kinds of salt based EPCM samples. Thus, within the test ranges,

storage deterioration was not observed.
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Figure 2.8. Storage performance of NaNOj3, NaCl-MgCl, eutectic ECPM samples over multiple
thermal cycles
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Figure 2.9. Storage performance of MgCl,, NaCl ECPM samples over multiple thermal cycles
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Furthermore, storage performance of ECPM after long-term exposure to high
temperatures is examined. This was of particular interest for the NaCl-MgCl eutectic salt
and for exceedingly high melting temperature PCMs, MgCL and NaCl, since their
operating temperatures would exceed 400 'C or much higher. Five of the NaCl-MgCh
eutectic samples of different dimensions with different encapsulation steels were
subjected to long exposures at elevated temperatures. Three of these capsules were heated
to 470 'C (above the melting point of NaCl-MgCl, eutectic), held at that temperature for
six hours, and then cooled down to 300 'C (below the melting point) and held at 300 'C
for two hours — comprising one long-term thermal cycle. Repeating the cycle 50 times,
accumulated 300 hours total exposure at 470 'C. The other two NaCl-MgCl eutectic
samples were heated to 450 'C and held at that temperature for 500 hours. MgCh
capsules were preheated to 750 'C (above the melting point of MgCl,) and held at that
temperature for eight hours, and then cooled down to 500 ‘C (below the melting point)
and held at 500 ‘C for two hours — comprising one long-term thermal cycle. Magnesium
chloride EPCM 1, repeating the long-term cycle 14 times, was accumulated 112 hours
total exposure at 750 'C. MgClL, EPCM 2 experienced 320 hours exposure at 750 ‘C by
repeating the cycle 40 times, while MgCl, EPCM 3 had 480 hours exposure at 750 C by
repeating the cycle 60 times. For NaCl EPCM 2, it was heated to 850 'C (above the

melting point of NaCl) and held at that temperature for 1000 hours.

After long-term exposure to high temperature environments (hundreds of hours of
heating process above the melting points of the PCMs), these EPCM capsules were tested

using the calorimeter to examine their storage performance, as illustrated in Table 2.13.
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Based on the calorimetry results, it does not show discernible deterioration in storage
capacity of salts based EPCMs. Therefore, salt phase change materials are capable for

thermal energy storage.

Table 2.13. Energy stored in EPCMs in final thermal-cycle after long-term exposure at high
temperatures.

Agreement — Ratio

Theoretical Stored Measured Stored of Measured &

EPCM Samples Exposure Energy in EPCM Energy in EPCM Theoretical Energy
Qercm_Theo (KJ) Qepem_exp (KJ) from EPCM (%)

Eggll\-/leCIz Eutectic igg pgurs at 41.9 415 99.0
EIS((;::\-AMngIZ Eutectic jgg bgurs at 387 384 992
Elsgll\-/lM:?CIz Eutectic igg pgurs at 265.5 2655 100.0
Elsgll\-/lMSgCIz Eutectic Zgg pgurs at 387 39.4 1018
Elsgll\-/lMgCIZ Eutectic igg pgurs at 396 397 100.1

MgCl, EPCM 1 %g [‘g”rs b 5g7 59.1 100.6

MgCl, EPCM 2 %8 [‘g”rs at 5o 5.9 99.9

MgCl, EPFCM 3 ;128 [‘g”rs a7 57.1 100.7

NaCl EPCM 2 ;ioggoqcéurs 66.0 67.3 102.0

2.5 Conclusions

Calorimeter experiments indicate that the storage capability of metal EPCM, e.g. in zinc-
stainless steel EPCM, aluminum-stainless steel EPCM, decreases with thermal cycles or
after long-term exposure to high temperatures. This is hypothesized to be because of
inter-metallic diffusion between the metal PCM materials and the encapsulation metals
during high temperature melting/solidification process. Thus it is conceivable that metal
PCM materials encapsulated by certain materials are not suitable for TES; less reactive
encapsulation materials, e.g. ceramic, quartz, etc., are used with these PCMs. This matter

needs further study.



Salt EPCM capsules showed no discernible deterioration in storage capacity over
multiple thermal cycles and even after long-term (hundreds of hours) exposure at high
temperatures. Therefore, salts, such as NaNOj;, NaCl-MgCl, eutectic, MgCl, and NaCl,
based EPCMs are good candidates for TES for temperatures above 300 ‘C based on the
current lab scale studies. Nevertheless, corrosion tests are needed to determine the

longevity of these EPCMs before being applicable for CSP plants.
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CHAPTER 3
ONE-DIMENSIONAL HEAT TRANSFER ANALYSIS

3.1 Motivation

Heat transfer modeling of the thermal diffusion for various Phase Change Materials
(PCM) conditions is conducted as part of this work. Numerical simulations of the heat
transfer could help us appreciate and understand the heat transfer process inside single
EPCM capsule in order to assist with the design of EPCM based thermoclines. Initially,
to simplify the simulation model, one-dimensional heat transfer analysis is considered

here with the heat flux in radial direction of cylinder.

3.2 Mathematical Modeling

Numerical simulations are conducted here for capsules to simulate storage/retrieval of
thermal energy into/from encapsulated phase change materials. NaNOjs;, NaCl-MgCh
eutectic and MgCl, are considered for the simulations here. NaNOjs, NaClMgCh
eutectic, MgCl in the core region have melting temperatures of 308 'C, 444 C, 714 'C,
respectively. The latent heats of NaNOs, NaCl-MgCl, eutectic and MgClL are 162.5
kJ/kg, 292 kJ/kg and 454 kJ/kg, respectively, according to the enthalpy values measured
by the calorimetry experiments and presented in Chapter 2. Stainless steel is applied as
the encapsulation shell outside PCMs. The melting temperature of stainless steel shell is

much higher than the operating temperature of the thermal storage unit.

The heat will be transferred from/to heat transfer fluid to/from phase change material

through stainless steel encapsulation layer by conduction. When the melting temperature
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of PCM is reached, the melting/freezing interface separating the solid PCM from liquid

PCM will be formed.

In order to simplify the mathematical model, present heat transfer analysis considers
uniform heat transfer coefficient around the capsule. Thus, in this simplified model that
the heat flux is only in radial direction. The following assumptions are adopted for this
model:
* PCM is a pure substance, no moisture or impurities so the sub-cooling effects are
negligible.
* The convective heat transfer coefficient is uniform around the capsule so the
diffusion is only in the radial direction.
» The capsule is incompressible.
» Physical properties are constant during each phase.
* The buoyancy-driven convection in the molten PCM is negligible.

* No volume change between solid state and liquid state PCM.

The geometry of the composite capsule is shown in Figure 3.1. R; is the outer radius of
capsule, and R, is the radius of the phase change material. The liquid/solid interface is
located at r = s(t). The location of the interface is unknown and it has to be determined as

a part of the solution. This is a moving boundary problem and is nonlinear in nature.
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Figure 3.1. Schematic of the capsule

The equation governing the unsteady heat diffusion in each composite layer is of the

form:

0T oT
pici5r =k [;;( })] 3.1
where pj is density; c; is specific heat; kj is thermal conductivity; T; is temperature
distribution in each layer; r is the radial distance; t is the time. Furthermore, the suffix j

equals 1, 2, or 3 for the thin layered shell, liquid phase, or solid phase of the phase change

material, respectively for the charging process.

The boundary conditions imposed on the temperature field in each layer for charging

process are as follows:

k1 o = MTy —=Tp) ,atr=Ry (3.2)
aTl —

—k; = —k ,and Ty =Ty, atr=Rp (3.3)

—kz aaTz _ —k 6T3 + Lp dS(t) ,To=Ts3=Tp,atr= S(t) (34)
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oT, _
a—:—O,atr—O (3.5)

where h is the convective heat transfer coefficient; Tn, is the melting temperature of the
PCM; Ts is the temperature of heat transfer fluid; L is latent heat of the PCM; s(t) is the

location of the liquid/solid interface in PCM. Initially, T(r, 0) = T,, which is constant.

The average convective heat transfer coefficient for cross flow around the circular

cylinder could be determined by equation (3.6) [19].

Nu = Z—’; = CRe™Pr'/3 (3.6)

where k; is the thermal conductivity of heat transfer fluid; D is the diameter of the EPCM;

Re, is Reynolds number; Pris Prandtl number; C and m are two constants.

The equations (3.1)-(3.5) can be non-dimensionalized by measuring radius in Ry, time in
R3/a,, where a,=k,/(p,c,) is the thermal diffusivity of layer 2 (liquid phase of
PCM). Temperature in each layer during charging process is normalized as 6; = (T; —

T,)/(T; — T,) . The non-dimensional governing equation becomes:

2 ) , 29,
@R, 09 _ 1,95 | 979 3.7)
a; ot R OR dR?

]
where R;, =R;/R,; a; = k;/(p;c;) thermal diffusivity of each layer; « is dimensionless

time (Fourier number); Ris dimensionless radius. The boundary conditions become:

_ 96

T H(O,—1),atR=1; (3.8)
26 26
x = Kigo at=Ry/R;; (3.9
_99% _ _p 99 IR - :

on = Ko+ Aro—atR = S(t); (3.10)
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% =0,atR=0 (6 is bounded atR =0); (3.11)
where H = hR,/k, is the dimensionless heat transfer coefficient; K, = k,/k,; K, =
ks/ky; A= Lpyay,R%, /[ky (T, —T,)]; S() = s(t)/Ry; R is dimensionless radius. For

charging process, initially, 6,(R,0) = 6;(R,0) = 0.

The simulation for melting or solidification process first uses the boundary condition at
the liquid/solid interface in the phase change material, equation (3.10), and as an initial
condition uses the current location of the interface to determine next time step
calculations. The interface location is used to determine the temperature profiles in the
next time step through governing equation (3.7) and boundary condition equations (3.8),
(3.9), and (3.11). Thus, it is possible to determine the temperature profiles and

liquid/solid interface movement for all times by repeating this process.

Boundary condition at the liquid/solid interface (3.10) is solved by explicit method while
the governing equation with the rest of the boundary conditions is solved by implicit
method. There is limitation for length of time step when using explicit method. However,
for such a calculation, since the values of latent heat and density for liquid state PCM in
equation (3.10) are extremely large, the maximum allowable value of time step could be
as large as 10* seconds. The actual dimensionless time step is limited by other criteria and

is in the 0.1 to 1.0 range.

Spatial and temporal convergence tests were conducted using various numbers of grid

spacing in radial direction and a range of time steps. The results of the convergence test
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are displayed in Table 3.1 and Table 3.2. For a 75 mm diameter NaNO3; EPCM capsule,
using liquid Therminol/\VP-1 as HTF, the melting times do not vary significantly when
the number of nodal points in radial direction is more than 30. The changes in melting
times become small when the dimensionless time step At is less than 1.0, as illustrated in
Table 3.2. The results of numerical simulations presented here are obtained using 55

nodal points in the radial direction and using 0.3 as a dimensionless time step.

Table 3.1. Times of melting process for spatial convergence.

Number of Nodal Points Ar=0.3
30 70.9 min
55 72.9 min
105 72.9 min
Table 3.2. Times of melting process for temporal conwvergence.
Number of Nodal Points | 4r=0.1 Ar=0.3 Ar=05 Ar=1.0
55 72.9 min 72.9 min 72.9 min 73.2 min

The physical properties of NaNO3, NaCl-MgCl, eutectic and MgCl, are shown in Table
3.3. Since the properties do not vary significantly in the temperature range used for the
current simulation, the physical properties for each phase are determined at the average

value of temperature of each phase.

The thickness of the stainless steel shell is 1.5875 mm (1/16 inch). For various PCM
encapsulations, the HTF temperature varies between 210 'C and 410 'C, 340 'C and 540
‘C and between 300 'C and 800 'C for NaNOs, NaCl-MgCl, eutectic and MgCl,
respectively. Simulations are conducted by choosing both gas and liquid as HTFs. The
outside HTF heat transfer coefficient for each fluid is calculated using equation (3.6). To
calculate the convective heat transfer coefficient for HTF, physical properties of air are

used for the case of gas as heat transfer fluid, while the properties of Therminol/\VP-1 are
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used for the calculation in the case of liquid HTF. The physical properties of air and

Therminol/VVP-1 are listed in Table 3.4.

Table 3.3. Physical properties of NaNO3, NaCl-MgCl, eutectic and MgCl..

. Thermal -
Melting : 3 - Specific Heat Latent Heat
points (C) | Density (ka/m) Coor;sfnf_t&’)'ty (I/kg-K) (Kilkg)
2260 [14] (Solid) | 05 [16] (Sofid) | 1600 * (Sold) -
NaNOs 308 [16] 7900 [39] (Liquid) | 05 [16] (Liquid) | 1650 ® (Liquid) |  ~02°
2072 [39.40] . .
NeCHMICE | 4 i 05 [41] (Solid) | 8742 (Solid) pop
1750 [39] (Liquid) | 05 [41] (Liquid) | 1100 * (Liquid)
2230 [16] (Solid) | 06 [16] (Solid) | 798 ° (Solid)
a a
MgCl, M4 T8T | 1675 6] (Liquid) | 1.2 [16] (Liquid) 9(I7_Li1qu[i}j§] 454 " [16]

®Established by the calorimetry experiments at Lehigh University

Table 3.4. Physical properties of air [19] and liquid Therminol/VP-1 [42].

Air Liquid Therminol/\VP-1
(1 atm, 800 K) (698 K)
Density (kg/m°) 04 654
k (W/m-K) 0.06 0.07
¢ (Jkg-K) 1099 2760
Viscosity (N-s/m’) 3.7x10° 1.3x10™
Prandtl number, Pr 0.7 5.3

3.3 Results and Discussion

Results of the computational procedures described above are enumerated and discussed
here. The heat transfer into the EPCM is driven by the convective heat transfer
coefficient based on the outside flow conditions and for the cross flow past the cylindrical
EPCM are governed by the Reynolds number and position around the cylinder. For the
two HTF used, the Reynolds numbers (Re) are as follows. For air, Re = 147 for 10 mm
diameter capsule, 367 for 25 mm capsule, 734 for 50 mm capsule, 1,101 for 75 mm
capsule and 1,468 for 100 mm capsule. For liquid Therminol’\VVP-1, Re = 4,881 for 10

mm capsule, 12,201 for 25 mm capsule, 24,403 for 50 mm capsule, 36,604 for 75 mm
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capsule and 48,806 for 100 mm capsule. The heat transfer inside the EPCM based on the

above Re and the dependent Nusselt numbers are described below.

Figures 3.2 and 3.3 depict the temperature profiles in a 75 mm diameter NaNO3 capsule
during charging process with air as HTF. Figure 3.2 shows the variation of temperature

distributions at various times. Here, 7 is dimensionless time or Fourier number.
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Figure 3.2. Temperature \ersus radius at different times for charging process with air as
HTF

At the early stage of energy storage/charging process, all of the PCM is in the solid state.
Heat diffuses from the surface of capsule to the center of capsule. For air as HTF, after
around 60 minutes, the PCM starts to melt. At the beginning of melting process, the

interface is located very close to the NaNOaj/stainless steel interface. At time, t = 103
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minutes, the interface moves inward to radial location, R = 0.8. The temperature in the
solid region is near melting point of NaNO3 (308 'C; normalized melting point; 0, =
(T, —T,)/(Ty —T,) = 0.49), and the temperature in the molten salt PCM and steel layer

rises above melting temperature. A little later (~230 minutes) in the melting process, the

interface moves closer to the cylinder center.

Temperature variation with time at different locations in a NaNOg3 capsule for air as HTF
is shown in Figure 3.3. R = O represents the center of capsule while R = 1 represents the
outer surface of capsule. The temperature at outer surface increases and reaches the
melting point first. Then, heat flux diffuses inwards to the center of capsule. After about
231 minutes, all the PCM is melted and is in the liquid state. The temperature of PCM

increases beyond the melting temperature after the melt-front passes through it.

Normalized Temperature

 — =u -
----- R=0.25
R=0.40
---------- RZU'.?‘* N
— R}
1 I 1 1
1.5 2 2.5 3
Time (Seconds) x 101

Figure 3.3. Temperature \ersus time at different locations for charging process with air as HTF
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Figures 3.4 and 3.5 display the temperature profiles in EPCM for 75 mm diameter
NaNO; capsule during discharging process with air as HTF. Figure 3.4 is the temperature
distributions in capsule at various times during discharging process. At the beginning of
discharging process, the PCM is in liquid state. After about 57.0 minutes, the PCM
begins to solidify from the PCM/shell interface, and the freezing-front moves inwards.
During the solidification process, the PCM becomes to the solid state as the freezing-
front passes through it. And the temperature in solid decreases significantly while the

temperature in liquid always maintains slightly above the meling point.
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Figure 3.4. Temperature \ersus radius at different times for discharging process with air as HTF
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Figure 3.5 shows the temperature variations with time at different locations in the
capsule. The surface temperature (R = 1) first drops to the melting point. After about 258
minutes, all the PCM solidifies to solid state. When the freezing-front passes, solid PCM

temperature decreases rapidly to HTF temperature.
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Figure 3.5. Temperature wersus time at different locations for discharging process with air as HTF
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Figure 3.6 displays the liquid/solid interface movement in PCM during phase change
process for 75 mm diameter NaNO3 capsule with air as HTF. The melting/freezing front
is first formed at the encapsulation shell, and then propagates radially inward. During
melting process, the liquid/solid interface reaches the origin of the cylinder within 171.0
minutes, as shown in Figure 3.6(a). Figure 3.6(b) represents the liquid/solid interface

movement in PCM during solidification process. It takes approximately 200 minutes for
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the NaNO3; PCM in a 75 mm diameter capsule to solidify to solid state when using air as

HTF.
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Figure 3.6. Locations of interface between solid state PCM and liquid state PCM during phase
change process for air as HTF

In Tables 3.5 and 3.6 are the total heat transfer times for charging process with different
types of HTFs, air and liquid Therminol/\VP-1 are presented. Based on the numerical
simulation results, as expected the heat transfer times are longer for larger sizes of EPCM
capsules. Furthermore, the heat transfer times are much shorter when using liquid HTF
instead of air. Properties of PCMs including density, heat capacity, thermal conductivity
and latent heat would also affect the total heat transfer times and thus various PCMs
could have different energy storage times.

Table 3.5. Total heat transfer times for charging process with air.

Diameter NaNO; NaCl-MgCl, Eutectic MgCl,
10 mm 20.2 min 18.8 min 16.6 min
25 mm 88.9 min 77.8 min 74.0 min
50 mm 275.7 min 236.5 min 229.4 min
75 mm 534.0 min 458.8 min 438.6 min
100 mm 859.8 min 736.3 min 704.0 min
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Table 3.6. Total heat transfer times for charging process with liquid Therminol/VP-1.

Diameter NaNO; NaCl-MgCl, Eutectic MgCl,
10 mm 2.2 min 2.0 min 1.6 min
25 mm 14.9 min 13.5 min 9.2 min
50 mm 60.8 min 54.0 min 34.8 min
75 mm 137.1 min 121.4 min 75.2 min
100 mm 241.6 min 213.6 min 128.0 min

Data in Tables 3.7 and 3.8 illustrate the total heat transfer times for discharging process
with different types of HTFs, air and liquid Therminol/\VVP-1. For MgCL EPCM capsules,
the discharging times are shorter than the charging times because the HTF temperature
chosen for the charging process is close to the melting temperature of MgCl, (714 'C)

providing a small differential temperature for the heat transfer.

Table 3.7. Total heat transfer times for discharging process with air.

Diameter NaNO; NaCl-MgCl, Eutectic MgCl,
10 mm 21.4 min 18.5 min 12.6 min
25 mm 97.6 min 77.4 min 47.4 min
50 mm 306.2 min 236.6 min 138.2 min
75 mm 598.8 min 460.0 min 264.6 min
100 mm 965.4 min 742.0 min 417.9 min

Table 3.8. Total heat transfer times for discharging process with |

Diameter

NaNO; NaCl-MgCl, Eutectic MgCl,
10 mm 2.2 min 1.8 min 1.1 min
25 mm 16.2 min 13.1 min 6.7 min
50 mm 68.0 min 54.2 min 26.8 min
75 mm 153.4 min 122.5 min 60.2 min
100 mm 272.2 min 217.8 min 106.5 min

iquid Therminol/VP-1.

3.4 Conclusions

Based on the one-dimensional heat transfer simulations for the infinitely long cylindrical
EPCM capsules, the heat transfer times are longer for larger sizes of capsules as
expected. The heat transfer process is much better when using liquid as HTF instead of
gas. Moreover, the temperature difference between EPCM capsule and HTF affects the

heat transfer process related to the energy input for melting and energy out for
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solidifying. A larger temperature difference between EPCM and HTF would shorten the
total heat transfer times for phase change of PCM in the capsule. Properties of PCMs,
such as density, heat capacity, thermal conductivity, latent heat, etc., can also affect the
total energy storage/retrieval times in capsules. Higher heat capacity and higher latent
heat can increase the total heat transfer times while higher thermal conductivity could

shorten the heat transfer times.
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CHAPTER 4
TWO-DIMENSIONAL HEAT TRANSFER

ANALYSIS

During charging and discharging processes, the heat transfer process inside EPCM
capsule is not symmetric because of the none uniform heat transfer coefficient along the
surface of the capsule, the gravity effect, the natural convection in the molten PCM and
the presence of void space in the PCM. Therefore, two-dimensional heat transfer
simulations would be more suitable to represent the heat transfer process inside the

capsule.

Sodium nitrate, NaNOs, is used as phase change material. NaNOg3 has relatively high
melting point, 308 'C, and high latent heat of fusion, 162.5 kJ/kg, which makes it a good
candidate PCM for a high temperature TES. The wall thickness of the encapsulation shell
is 1.5875 mm (1/16 inch). The heat transfer fluid temperature range is between 250 'C to
500 ‘C. The HTF flows from the top of the cylinder to the bottom for a charging process

while it flows from the bottom to the top (in opposite direction) for a discharging process.

4.1 Mathematical Modeling and Numerical Solutions

For a 75 mm diameter cylindrical NaNO3; EPCM capsule, the average Rayleigh number,
Ra = gBATR:/(asewv), is expected to be around 107 in the liquid state NaNOs. Here, g is
the magnitude of the gravitational acceleration; g is the thermal expansion coefficient of
liquid PCM; AT is the representative temperature difference; Ry is the difference between

outer radius and inner radius in annulus; o and a.cw are the kinematic viscosity and the
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thermal diffusivity of the liquid PCM, respectively. Since the average Ra is relatively
small (Ra < 10°, smaller than the critical Rayleigh number for the onset of the natural
convection [19]), the effect of natural convection in the molten NaNO3; PCM on the
melting/solidification process is expected to be negligible, but such effect should still be

investigated in the next chapter.

Furthermore, there is void space in the real EPCM capsule for the volume change of
PCM due to the phase change. Heat transfer analysis including the void space in the

EPCM will also be presented in the next chapter.

Following assumptions are adopted for the two-dimensional simulations presented in this
chapter.
« PCM is pure substance (no moisture or impurities) so the sub-cooling effects are
negligible.
« The capsule and HTF are incompressible.
 Physical properties of PCM are constant for each phase.
« The buoyancy-driven convection in the molten PCM is negligible.

* No volume change due to the phase change of the PCM.

The front-tracking method or the enthalpy method can be employed to simulate the
thermal energy storage to EPCM effectively. Front-tracking method determines the
location of liquid/solid interface in PCM during melting/solidification process and it is
more accurate to simulate the heat transfer in a single EPCM capsule. The results

predicted by the front-tracking and the enthalpy methods were compared for a
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horizontally placed cylinder in a cross flow [43]. The enthalpy method using ANSYS-
FLUENT was conducted by a Ph.D. candidate, Ali F. Elmozughi, in our group. The

simulation results predicted by these methods agree well [43].

Numerical simulations using the front tracking method were conducted for a horizontally
and a vertically placed cylinder against the flowing heat transfer fluid around the capsule,

as shown in Figure 4.1(a), (b).

Flow Direction

& & Stainless Steel Shell

Wall Thickness

(@) Cross flow arrangement
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.T.
1- Wall Thickness = 1/16 inch (1.5875 mm)
2- Top & Bottom Shell Thickness = 0.4 inch (10.16 mm)

(b) Axial flow arrangement

Figure 4.1. Schematic of the EPCM capsule or tube

The equation governing the transient heat transfer in an EPCM during a thermal storage

process is of the form:

aT; 19 aT; 1 9%T;  9%T;
17T ot Jlror ar 72 9 @2 92>

where p; is the density; c; is the specific heat; k; is thermal conductivity; T, is the
temperature distribution in each layer; r is the radial distance; ¢ is the angle in angular
direction of cylinder; z is the axial coordinate; t is the time. The subscript j equals 1, 2, or

3 for the thin layered shell, the liquid and the solid phases of the PCM, respectively.
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The boundary conditions imposed on the temperature field in each layer are

- 1% = h(T, —Ty) , at the outer surface 4.2)
- 1% = —kZZ—T; , and Ty = T», at the interface between the PCM and the shell
(4.3)
—ky 52 = —ky 52+ Lp,V, , T, = Ts = Tn, at the liquidisolid interface in the PCM
4.4
Teontroia = %Z?’ T; , at the centroid of the solid/liquid state of the PCM for a horizontally
placed cylinder (4.5a)
g—: =0, atr =0 for avertically placed cylinder (4.5b)

Here h is the local convective heat transfer coefficient; n is the unit normal direction on

the surface; V, is the speed of the interface movement in the normal direction (V,, = ‘%"),

s, is the displacement of the liquid/solid interface in the direction normal to the interface;

n
Teentroid IS the temperature at the centroid of the PCM; T; is the temperature at nodes
around the centroid and N is the total number of nodal points in the angular direction for
a horizontally placed cylinder. Initially, the temperature is uniform (T = T,) in EPCM.
Equation (4.4) is the energy balance equation applied at the liquid/solid interface of

PCM, which predicts the rate of the liquid/solid interface movement.

For a horizontally placed cylinder inside the thermocline, the fluid temperature T is
considered to be constant and the convective heat transfer coefficient, h, varies in the

angular direction around the cylinder and is determined by a local Nusselt number, Nu,,.
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h = NuDgg-kﬁ (4.6)

Here, D is the outer diameter of EPCM capsule and k; is the thermal conductivity of the
heat transfer fluid. The local Nusselt number was found from references [44,45] based on
the Reynolds number of HTF, Re = p{UD/u;. For the thermocline including 76.2 mm
diameter EPCM capsules and the mass flow rate of air HTF ranging between 0.01 kg/s
and 0.05 kg/s, the superficial velocity of air HTF in the thermocline, U, is determined.
For liquid Therminol/\VP-1 HTF, the superficial velocity of liquid in the thermocline is
approximately ten times smaller than that of air. Even though the liquid flow velocity is
smaller than the air flow velocity, Reynolds number for liquid is still much larger than
that for air because of higher density, higher heat capacity and higher viscosity of liquid.

pr and s are the density and viscosity of the HTF, respectively.

For a vertically placed cylinder, the direction of the HTF flow is in the same direction as
the gravitational acceleration during a charging process while it is in the opposite
direction of the gravity during a discharging process, as depicted in Figure 4.1(b). The
heat transfer coefficient, h, is determined by the Nusselt number, Nu. For laminar heat
transfer flow, Nusselt number is estimated based on fully developed laminar flow in a
circular tube annulus [19]. For turbulent heat transfer flow (Re > 10,000), Nusselt number
IS evaluated with the Dittus-Boelter equation by using the hydraulic diameter, D, = D, —
D, for a concentric tube annulus [19]. Here, D, is the diameter of the channel. For the
charging process, the temperature of the heat transfer fluid is kept constant at the top of
the rod and it varies in the axial direction. The thermal energy balance for the heat

transfer fluid is used to predict the temperature distribution of HTF, T; (z,t), as
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{ oT . oT
SLZL = phe, =L — nDh(T; - Ty) 4.7)
where m is the mass flow rate of the heat transfer fluid; c; is the specific heat of fluid; V4

is the average velocity of the HTF; and Ts (z,t) is the surface temperature of the EPCM

capsule.

Finite difference method is employed to discretize equations (4.1)-(4.7). Resulting
nonlinear coupled equations are solved using Jacobi iterations. The simulations are
conducted by dimensionless variables using radius, axial coordinate and time measured in
units of Ry, H; and RZ/a,, respectively. Here, a, is the thermal diffusivity of liquid phase
of PCM; R; is the outer radius of the capsule; H, is the height of cylindrical capsule or

tube; Ry is the radius of PCM. Temperature in each layer is normalized by 6, = (T; —

T,)/(Ty — T,) . The non-dimensional governing equation becomes:

2 ] 2 2. 2 a2p.
alezlﬁ)J_:l.a_HL_i_aB]_l_La9]+ﬁ69] (4.8)
@j @t R OR  OR*  R? d¢*  H} 8z°

where Z is dimensionless axial coordinate.

Non-dimensional forms of the boundary conditions are:

—kl% = h(8, — 1), at the outer surface of the capsule (4.9)
26, 26, .
—ky 5t ==k, 5= at the shellPCM interface (4.10)
_p 96, _ 4 063 | LpyayRy  05,(D) i iy ;
ko =2 =—ks— Rt or at the liquid/solid interface in the PCM

4.11)
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Ocentroid = %Zi 0, , at the centroid of the solid/liquid state of the PCM for a horizontally

placed cylinder (4.12a)
% = 0, at R=0for a vertically placed cylinder (4.12b)

where S,(z) is the normalized displacement of the liquid/solid interface in the normal
direction. For a charging process, the normalized initial capsule temperature is

8;(R,9,Z,0) = 0 while 6;(R,¢,Z,0) =1 for adischarging process.

4.2 Two-Dimensional Heat Transfer Analysis without Gravity Effect in Solid PCM

76.2 mm diameter NaNO3 EPCM capsule in a cross flow arrangement is considered. The
melting point of NaNO3 is 308 ‘C (normalized melting point: 0.232). The heat transfer
coefficient around the capsule is determined by the local Nusselt number according to the
Reynolds number, as described previously. Figure 4.2 is an example of the distribution of
the local Nusselt number around 76.2 mm diameter EPCM capsule in the cross flow

arrangement using air as HTF.

50

Nu
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Figure 4.2. The distribution of local Nusselt number around the capsule
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The spatial and the temporal convergence of the front-tracking method are established.
Table 4.1 illustrates the spatial convergence results with dimensionless time step, At =
0.00001. Table 4.2 displays results of the temporal convergence test. It is concluded as a
result of these convergence tests that 101x56 (angularxradial) numbers of nodes and the
time step of 0.00001 are sufficient to achieve the spatial convergence and the temporal

convergence for the front-tracking method employed here.

Table 4.1. Total melting times for a 76.2 mm diameter NaNOj3 capsule using liquid Therminol/VP-1
as HTF (spatial conwergence).

Number of nodes:

(angular x radial ) Melting times (Seconds)

31x106 2939
51x106 2939
101x106 2939
101x56 2941

Table 4.2. Total melting times for a 76.2 mm diameter NaNO; capsule using liquid Therminol/VP-1
as HTF (temporal conwergence).

Number of ners: Dimensionless time step, Az Melting times (Seconds)
(angular x radial )
0.00001 2939
101106 0.000005 2939

Figure 4.3(a) shows the location of the propagating liquid/solid interface at various times
for 76.2 mm diameter NaNO3; EPCM capsule during a charging process using air as HTF.
The front propagates radially inward as the melting process progresses, as displayed in
Figure 4.3(@). Figure 4.3(b) illustrates the normalized isotherms during a charging
process at 99 minutes from the melting has started. There is significant variation of the
temperature in the molten PCM. The temperature near the top of the capsule is greater
than the lower part of the capsule, as displayed in the Figure 4.3(b). Such variation is the
result of the distribution of the local heat transfer coefficient. The value of heat transfer

coefficient is highest at the top of the cylinder as the HTF flows from the top to the
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bottom of the capsule. The temperature gradient in liquid PCM is much larger while the

temperature in solid PCM remains slightly below the melting point.

1 1 Normalized Temperature
11 m\\ :
-—'\\ ! 0.7
[ 33 i \ 0.65
0.5 — 0.5
55 min \ 0.6
n \ a1z
77 mi) \ 0.55
0.5
> 0 99mt__l\_ \ = 0 ‘ .5
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() Interface movement (b) Temperature profile

Figure 4.3.a) The location of the liquid/solid interface in PCM, b) Isotherms at 99 minutes into the
melting process

Figure 4.4(a) displays the location of the liquid/solid interface in a 76.2 mm diameter
NaNO;3; capsule during a solidification process using air as HTF. The liquid/solid
interface propagates radially inward. Since the cooling heat transfer fluid flows from the
bottom to the top, the bottom region of PCM solidifies faster. It is also noted that HTF
temperature (250 'C) is closer to the melting/freezing temperature of NaNO3 (308 'C).
Thus, the solidification process is slower compared to the melting process in the NaNO3
capsule. It takes more than 5 hours to complete the solidification process. Liquid PCM
region is denoted as the region inside the liquid/solid interface curve while the solid state
PCM is at the outside of the liquid/solid interface. Figure 4.4(b) shows the normalized
isotherms 5 hours into the solidification process. At this moment, most of PCM is

solidified.
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Figure 4.4.a) The location of the liquid/solid interface in PCM, b) Isotherms at 5 hours into the
solidification process
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Figure 4.5 displays the energy storage/retrieval from a 76.2 mm diameter NaNOs;-
stainless steel EPCM capsule using air as HTF. From the graphs, it is noticed that the
energy storage time is shorter than the energy retrieval time because the melting point of
NaNOs is closer to the lower end of HTF temperature during a discharging process. The
smaller temperature different between EPCM and HTF would slow down the heat
transfer rate for the capsule.
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(a) Energy storage (b) Energy retrieval

Figure 4.5. Energy storage/retrieval from EPCM capsule
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4.3 Two-Dimensional Heat Transfer Analysis Considering Gravity Effect in Solid
PCM

Numerical simulations were conducted for a horizontally placed cylinder in a cross flow
arrangement and a vertically placed cylinder in an axial flow arrangement. For these
simulations, the heat transfer coefficient is estimated based on the Nusselt number as
described previously. Figure 4.6 displays the location of the interface predicted by a front
tracking method at various times for a 76.2 mm diameter NaNO3z EPCM capsule during a
melting process using air as HTF in a cross flow arrangement. The effect of the gravity in
the EPCM capsule is included. Since the density of solid PCM is greater than that of
liquid PCM, the solid PCM sinks to the bottom of the capsule during the melting process.
Since the rate of the heat transfer is higher near the front stagnation point of cylinder, the
solid/liquid interface is first formed near the top region and it propagates inwards as the
melting progresses. The solid phase of the PCM shrinks to a small region near the bottom

of the capsule. It takes about 98.0 minutes for the melting process to be completed.

Figures 4.7(a), 4.7(b) and 4.7(c) display the isotherms for a 76.2 mm diameter NaNO3
capsule at 30 minutes, 60 minutes and 90 minutes after the melting process has started,
respectively. Here, the normalized melting point of NaNO3 is 0.232. Air is used as a HTF
for these simulations. The solid black curve inside the capsule represents the location of
liquid/solid interface in PCM. It is solid PCM inside the curve while it is liquid PCM
outside the curve. The solid NaNOj begins to melt at 37 minutes after the charging
process started. The solid phase of PCM always sinks to the bottom of the capsule due to
the gravity effect. The high temperature gradient exists inside the liquid region while the

temperature varies slightly in the solid region, as shown in Figure 4.7. At later stage of
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the melting process, the temperature inside the solid PCM becomes nearly uniform at just
below the melting temperature of the PCM while the temperature variation in the molten

PCM becomes greater, as displayed in Figure 4.7(c).

|
——Liquid PCM

—— Encapsulation Shell
|

1

Figure 4.6. Location of the liquid/solid interface during melting process for a cross flow arrangement
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Figure 4.7. Isotherms at @) 30 minutes, b) 60 minutes, c) 90 minutes into the melting process for a
cross flow arrangement

For a vertically placed EPCM, the diameter of cylinder is 76.2 mm and the height of
cylinder is 508 mm. The temperature of HTF is maintained at 500 C at the top of the
capsule during a charging process. 5,050 nodes (axial x radial = 101 x 50) with
dimensionless time step, 47z = 0.00001, are used for the simulations. Figure 4.8 shows the
location of the radially symmetric liquid/solid interface at various times during a charging
process using air as HTF. Region outside the liquid/solid interface is occupied by the
liqguid phase of NaNOs while the region inside the interface is occupied by the solid
phase. Since the density of the solid state PCM is higher than that of the liquid state
PCM, the solid NaNO3 always sinks to the bottom of the capsule, as displayed in Figure

4.8. It takes about 69.7 minutes for the NaNO3z PCM to melt completely.
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Figure 4.8. Location of the liquid/solid interface in PCM at various times during charging process

Figure 4.9 represents the liquid/solid interface propagation during a discharging process
in a vertically placed cylinder in an axial flow arrangement with air as HTF. The region
outside the liquid/solid interface is a solid state PCM while it is a liquid PCM inside the
interface. Since the HTF flows from the bottom to the top of the cylinder and maintains at
250 'C at the bottom during a discharging process, the bottom region of PCM solidifies

slightly faster than that of the top region.
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Figure 4.9. Location of the liquid/solid interface in PCM at various times during discharging process
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Figure 4.10 displays the temperature profiles in the vertically placed NaNO; EPCM
during a melting process (normalized melting point of NaNO3: 0.232). The yellow curve
inside the cylinder is the location of liquid/solid interface in PCM. The region is solid
state PCM inside the curve and liquid state PCM outside the curve. The temperature in
the liquid state PCM increases rapidly to HTF temperature while the temperature in the

solid PCM maintains slightly below the melting point.
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Figure 4.10. Isotherms at a) 33.4 minutes, b) 55.7 minutes into the melting process for an axial flow
arrangement
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Table 4.3 illustrates the total charging times for three different sizes of NaNO3 capsules
in a cross flow arrangement with air and liquid Therminol/\VVP-1 as HTFs. For air, Re =
410 for 25.4 mm diameter capsule, 820 for 50.8 mm capsule and 1,230 for 76.2 mm
capsule. For liquid Therminol/\VVP-1, Re = 9,917 for 25.4 mm capsule, 19,835 for 50.8
mm capsule and 29,752 for 76.2 mm capsule. The total heat transfer times are predicted
using the front tracking approach by including the gravity effect inside the EPCM (letting
the solid state of PCM sink to the bottom of the capsule). The charging times increases as
the capsule diameter increases. Since the surface heat transfer dominates the rate of the
thermal energy storage/retrieval into/out of the EPCM, the total heat transfer times is
much shorter with the liquid heat transfer fluid compare to that of the gas heat transfer
fluid. Furthermore, the gravity effect of the solid state PCM can also shorten the total
energy storage times in the EPCM capsule. The results clearly show that the thermal
energy module in the power generation and other large scale industrial thermal systems
has to be designed properly by a careful consideration of the heat transfer from the HTF

to the EPCM and the heat transfer inside the EPCM.

Table 4.3. Energy storage times for horizontally placed cylinder.

Diameter of Capsule Air Liquid Therminol/\P-1
254 mm (1 inch) 87.6 min 23.6 min

50.8 mm (2 inches) 264.0 min 94.2 min

76.2 mm (3 inches) 503.6 min 192.9 min

Table 4.4 displays the charging and the discharging times for a 76.2 mm diameter and
508 mm length of NaNO3; EPCM rod in an axial flow arrangement with air and liquid
Therminol/VP-1 as HTFs. The storage times in an axial flow arrangement are shorter
than those in a cross flow arrangement. That is due to the fact that the nature of the flow

around the tube strongly depends on the arrangement of the capsule against the flow

68



inside the channel. This is another illustration of the importance of the surface heat
transfer during the thermal energy storage into the EPCM. It is also noted that the energy
retrieval times are in general longer than the energy storage times since the heat transfer
flud temperature during the energy retrieval times is selected to be closer to the freezing

temperature of the PCM. That results in a slower rate of the surface heat transfer for the

EPCM.
Table 4.4. Heat transfer times for a \ertically placed cylinder.
(for air, Re = 58; for liquid Therminol/VP-1, Re = 17,082)
Air Liquid Therminol/\VP-1
Charging Process 202.7 min 107.9 min
Discharging Process 307.8 min 137.8 min

4.4 Conclusions

As expected, heat transfer times are longer for larger sizes of capsules. Using liquid as
HTF would significantly shorten the total heat transfer times inside the capsule compared
to air. Different HTF flow patterns could also affect the heat transfer process inside the
EPCM capsule. From the simulations, the discharging times are longer than the charging
times at current cases because the melting point of NaNO3 (308 “C) is much closer to the

lower heat transfer fluid temperature (250 ‘C).

Furthermore, the gravity effect could shorten the times for phase change process. Figure
4.11 compares the two situations for 76.2 mm diameter NaNO3 capsule with air as HTF.
When the gravity effect is not considered, the total melting times is 116.6 minutes
(dimensionless time: z = 0.87) while the total melting time is only 98.0 minutes
(dimensionless time: = 0.73) as the gravity effect of solid PCM is considered in the

capsule.
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Figure 4.11. Compare the melting process between a) not considering the gravity effect and b)
considering gravity effect of solid PCM in capsule
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CHAPTER 5
BUOYANCY-DRIVEN CONVECTION IN MOLTEN
PCM AND VOID SPACE IN EPCM CAPSULE

Presence of temperature gradient in the molen PCM results in a buoyancy-driven
convection in the liquid state of PCM. The buoyancy-driven natural convection generated
in the liquid phase of PCM would affect the interface growth and the temperature profiles
in the PCM. The natural convection is expected to enhance the heat transfer in the phase
change material and shortens the energy storage/retrieval times. The effect of the natural
convection on the dynamics of the interface and the heat transfer characteristics of the
EPCM are illustrated here. It is also studied here the effect of void space in the EPCM to
account for the volume change by the phase change. Proper void space should be
provided inside the capsule for the volume expansion of material during phase change
process. Thus, the model involving volume expansion of PCM during a charging process

is also illustrated in this chapter.

Sodium nitrate (the melting temperature of 308 'C) is considered as the PCM here for the
simulations. Stainless steel is selected as encapsulation shell with 1.5875 mm (1/16 inch)
thickness. The outer diameter of EPCM capsule is 76.2 mm (3 inches). The heat transfer
fluid temperature is 500 ‘C for a charging process. And the fluid flows from the top of the

capsule to the bottom.

5.1 Buoyancy-Driven Convection in Molten PCM

5.1.1 Mathematical Modeling
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The equations governing the velocity and temperature fields are [46]:

Continuity:

2+ v(pv)=0 6.1)
Momentum:

% +V(V-V)=-Vp+V: Tgpees + f (5.2)
Energy:

ZHVVE=—V-q—p(V-V) = (1:VV) (5.3)

where V =v,7 +v,@ is the melt flow velocity, v, is the radial velocity component, v,
is the angular velocity component, 7 is the unit vector in radial direction, ¢ is the unit
vector in angular direction; p is the density in the molten PCM; p is the pressure inside
the capsule; Tsress IS the stress tensor; f is the body force; E is the energy of the liquid

PCM per unit volume; q is heat flux; —(z: VV) is the irreversible rate of energy increase

per unit volume of liquid PCM by viscous dissipation.

The equations (5.1)-(5.3) are simplified using the following assumptions:
+ PCM is pure substance (no moisture or impurities) so the sub-cooling effects are
negligible.
» The capsule is horizontally placed in a cross flow.
« It is assumed to be a long cylinder. It just considers the heat diffusion in the radial
and the angular directions, and no heat diffusion in the axial direction.

» The capsule is incompressible.
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« It is assumed that density in solid state PCM is constant, but density in liquid state
PCM varies with temperature. The liquid phase density is different from the solid
phase density.

» Gravity effect in solid PCM is considered.

* Boussinesq approximation is adopted.

* No volume expansion due to the phase change of the PCM.

Thus, the continuity, the radial and the angular momentum, and the energy equations
could be rewritten in equations (5.4), (5.5), (5.6), and (5.7), respectively. These equations
describe the velocity and temperature fields in the PCM. The energy equation (5.7) is an
extension of the unsteady heat diffusion equation used in the Chapter 4 for the two-

dimensional heat transfer. The governing equations (5.1)-(5.3) become:

Continuity:
19 19ve _
- (rv,) +- e = 0 (5.4)

Radial Momentum:

Oy, Oy Vel Vo 10P, L2 (r2) -2 1262”;_126_”@] 4Ly

at ar r 0 r PR 0T ror or r re 0@ re 0@ PR
(5.5)

Angular Momentum:

Wy 4y Mo Ve y Ui _ 1 0P V[zi(ra_vg)_z;u%iﬁ“%aﬁ] L

at r r 0@ r PRT 0@ ror ar r re 0 re de pr ¢
(5.6)

Energy:

prcCrt v, 0 + %220y = K [12(r2T) + ig% 5.7)
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where g, is the radial accelerate gravity component; g, is the angular accelerate gravity

component; T is the temperature; p is the density of molten PCM; p, is the reference
density (the molten PCM density at its melting temperature); ¢ is the specific heat of

molten PCM; k is the thermal conductivity of molten PCM; v is the Kinematic viscosity

of the molten PCM. The body force in the momentum equations, pigr and pﬁg(p, is
R R

determined using the Boussinesq approximation.

The vorticity-stream formulation is applied with the definition of the stream function ,

_ 1%

Ur =5, (5.8)
2

v, =—2F (5.9)

and the definition of the axial component of the vorticity (.

¢

_ _10 _ 10y, _ vy vy 10y,
IZI—IVXVI—rar(rv(p) ey (5.10)

Equations (5.5) and (5.6) yield the non-pressure vorticity transport equation:

dt rdedr ror a(p_v

r or

KA 1RO (10 L0 100y L2y
or? rar r?de? pr %) rop py°"
(5.11)
Combining equations (5.8), (5.9) and (5.10) yields poisson equation for the stream
function -

V3 = — (5.12)

The boundary conditions imposed on the capsule are as follows:

At the centroid of the solid or liquid PCM:
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1
Tcentroid = ﬁziv Ti (513)

At the liquid/solid interface in PCM:

aTy; 0Tg
—Kiiq_pcm _lg% = —kgor_pcu 5 + LP1ig_pemVn (5.14)
Piig pcm (Vliq -V) = Psol_pcm Veor = V) - 1 (5.15)
Vxn=0 (5.16)

Here, equation (5.14) denotes the energy balance at the liquid/solid interface, equation
(5.15) denotes the conservation of mass at the interface and equation (5.16) denotes the

no-slip condition.

Here piq pey 18 the density of liquid phase PCM (pg); Psor pey 18 the density of solid
phase PCM; Viiq is the velocity of liquid phase PCM near the interface, V,;, = v,7 +
v(pgﬁ; Vs 15 the wvelocity of solid phase PCM at the interface (assumed to be zero);
kiiq pcyy 18 the thermal conductivity of liquid state PCM; kgy pey is the thermal
conductivity of solid state PCM; Ty, ¢y Is the temperature of liquid state PCM at the
interface; Ty pcy 18 the temperature of solid state PCM at the interface; n is the unit

normal of the interface; V, is the propagation speed of the interface in the direction

normal to the interface.

Equations (5.15) and (5.16) can also be expressed in terms of the axial component of the
vorticity and the stream function.

=LY 1050y 107
( - or? r3 a(p a(p r2 a(pz (5'17)
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1 Vo ———V,
azw _ F) ( pliq_PCM) ( nr rd n(p) 18
99> g 1,103, (5.18)
3Gy

where Vp, is the radial component of velocity of the liquid/solid interface; V,, is the
angular component of the wvelocity of the liquid/solid interface; and s is the location of the

liquid/solid interface in PCM.

At the PCM/shell interface:

0Tshen _ T,
~Ksnen # = —Kpcu ;;M (5.19)
v, =0,v,=0 (5.20)

Equation (5.19) denotes the energy balance and equation (5.20) denotes the no-slip

condition.

Here Kshen is the thermal conductivity of the encapsulation shell, kpcm is the thermal

conductivity of PCM; n is the unit normal direction of the PCM/shell interface; Tshen Is

the temperature of the shell; Tpcwm is the temperature of PCM.

Writing equation (5.20) in terms of the stream function and the vorticity yields:

p=0,22=0 (5.21)
—¢=22 (5.22)

At the outer surface of the capsule, the energy balance equation can be described as

follow:
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OTshe
~Kshen # = h(Tspen —Tf) (5.23)

where T; is the temperature of HTF; n is the unit normal direction of the outer surface of
the capsule; h is the average heat transfer coefficient around the cylinder in a cross flow

arrangement. his determined by the Nusselt number as expressed in equation (3.6).

Governing equations and the boundary conditions are non-dimensionalized using:

T-T, r a R R
=—2% R=—, ="t Vi =—"2v, Y, =—20y,,
Ty—To Ry R apcm apcm

¥ ¢
p=2 z7=%
6 o

o

where 6 is the normalized temperature; T, is the initial temperature of capsule; R is the
dimensionless radius; R; is the outer radius of the capsule; Ry is the inner radius of the
shell; z is the dimensionless time; ap,, IS the thermal diffusivity of liquid phase PCM; Ygr
is normalized radial velocity; Y, is normalized angular velocity, ¥ is normalized stream
function; i, is the reference stream function; Z is normalized stream vorticity, ¢, is the

reference vorticity.

The dimensionless form of vorticity transport equations become:

9z W, 0¥ oz W, 0¥z
R, +——y—1To0o - .- __ To - -
2.9t  R,ap.yR0¢p OR R, ,ap-ROR ¢
v 0°Z 10Z 1 0*Z R, ap ap
= l3R 7R T R a0 [Roo 55 =0 50
Apey Rz [0R* ROR  R?0¢ PrApcuSoR dR do
(5.24)
vy = _Lofiy (5.25)

Yo
The scaled velocity components can be expressed in terms of the stream functions as

follows:
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Y, = Yo ¥ (5.26)

RizapcuR 0¢

Yy, =——% % (5.27)

¢ Ryzapcy OR

The energy equation yields:

00 Ly 90 ¥p00, __ k [10 (poo) 10%
PrC(Ry, or T YR + R 6go) " apcmRiz [R aR (R aR) + ] (5.28)

Boundary conditions imposed on the velocity and the temperature fields are as follows:

At the centroid of the solid or liquid PCM:

6 1y, 6, (5.29)

centroid — N
where Gcentroig 1S the temperature at the centroid of PCM; 6; is the temperature around the

centroid.

Boundary conditions at the liquid/solid interface become:

20, a6 Lpiig pcm@pcm Ry
—k . lig_ PCM _ —k sol PCM 19 _ 530
lig_PCM an sol_PCM on R% (Tf _To) N ( )
1 9s9¥ . 1 0%y
—7 = = 4= 5.31
Ri(o (6R2 R®0¢pdp  R? 0¢? (5:31)
psoLPCM)_( as )
O*% _ apcyRi, 9 Pig.pcu__ N° Rop NO (5.32)
= T ]
o w00 ey

where Vy is normalized wvelocity of liquid/solid interface movement in the direction
normal to the interface; Vnr is the normalized radial component of liquid/solid interface
velocity; Vy, is the normalized angular component of liquid/solid interface velocity; and

S is the normalized displacement of the liquid/solid interface.
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At the PCM/shell interface, the energy balance equation becomes:

shen _ 96pcym
~Ksnen an = —Kpcu an (5.33)

where Osen is the normalized temperature of encapsulation shell; Gpcm IS the normalized

temperature of PCM. The no-slip and no-penetration conditions yield:

v _

Y=0,-—-=0 (5.34)
[0 az
—7 = R‘l’—(% (5.35)

The boundary condition at the outer surface of the capsule becomes:

LR
~ksnen _az L= h(Open — 1) (5.36)

Jacobi iteration method is applied to solve the energy equation and the vorticity transport
equations. Coupled equations (5.24), (5.25) and (5.28) with boundary conditions (5.29)-
(5.36) are solved simultaneously at every time steps to determine the temperature and

velocity fields and the location of the interface.

5.1.2 Results and Discussion

Two types of HTFs are considered in the simulations, air and liquid Therminol/\VP-1. 101
nodes in angular direction and 106 nodes in radial direction are used with the
dimensionless time step of 0.00001. The normalized melting temperature of NaNO3 is

0.232.
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Figure 5.1 displays the location of propagating liquid/solid interface at various times for
76.2 mm diameter NaNO3 EPCM capsule with air as HTF during a melting process. The
buoyancy-driven convection is considered in the molten NaNOs. The natural convection
impacts the interface dynamics. The total melting time is approximately 76.1 minutes
which is slightly shorter than that when the natural convection is neglected. Since the
average Rayleigh number in the molten NaNOs; during melting process is in the
magnitude of 107 for 76.2 mm diameter NaNOj3-stainless steel EPCM capsule (Ra < 10°,
smaller than the critical Ra), the effect of natural convection on the storage time is likely
to be weak. Nevertheless, the convection in molten PCM still affects the dynamics of the
liquid/solid interface. The solid phase of PCM always sinks to the bottom of the capsule
since the density of solid state PCM is higher than that of liquid state PCM, as displayed
in Figure 5.1. The liquid/solid interface first forms at the PCM/shell interface as the
temperature exceeds the melting temperature of NaNOs3. The sharp interface separating

liquid salt from solid salt propagates inwards.
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—Liquid PCM

= 41.6 min

Encapsulation Shell

Figure 5.1. Liquid/solid interface movement during melting process using air as HTF

Figure 5.2 represents the streamlines in molten NaNOj; during a melting process with air
as HTF at various times. As melting process progresses, the temperature difference in
liquid phase PCM increases, which increases the buoyancy-driven convection in the
molten PCM, as shown in Figure 5.2. A pair of two counter rotating vortices is seen at the
top region of molten salt at early stage of melting as illustrated in Figures 5.2(a) and
5.2(b). The convection intensifies as the melting progresses and another pair of vortices is
formed, as seen in Figure 5.2(c). A pair of vortices remains close to the interface and a

weaker pair of vortices is formed in the top region of molten PCM.
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0.5

(@) At 13.9 minutes (= 0.1)

(b) At 27.7 minutes (z=0.2)
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(c) At 41.6 minutes (r =0.3)

Figure 5.2. Streamlines in molten NaNOj3 during melting process with air as HTF

Figure 5.3 depicts normalized isotherms in NaNOs capsule at various times during a
melting process using air as HTF. The yellow curve indicates the liquid/solid interface in
PCM. It is the solid phase PCM inside the yellow curve and it is the liquid phase PCM
outside the yellow curve. Temperature in liquid phase PCM rises rapidly to HTF
temperature while temperature in solid part remains slightly below melting temperature
of NaNOs during a charging process. Buoyancy-driven convection clearly affects the
temperature profiles in EPCM capsule. The melting is faster at the top area due to

enhanced heat transfer by the convection.
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(b) At41.6 minutes (z=0.3)
Figure 5.3. Temperature profiles in NaNO; EPCM capsule during melting process with air as HTF
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Figure 5.4 shows the location of the liquid/solid interface in 76.2 mm diameter NaNOs3
EPCM capsule during a melting process with liquid Therminol/\VP-1 as HTF. Because of
the higher density and the higher heat capacity of liquid HTF, the melting is much faster
compared to that using air as HTF. The liquid/solid interface in PCM is formed near
PCM/shell interface and moves inwards. Due to the gravity effect, the solid state PCM

sinks at the bottom of the capsule.

~Liquid PCM

Encapsulation Shell
] L L ] ] I
0.5 1

Figure 5.4. Liquid/solid interface movement during melting process using liquid Therminol/VP-1 as
HTF

Figure 5.5 is the streamlines in the molten PCM at various times using liquid
Therminol/VP-1 as HTF. The buoyancy-driven convection is more intense when liquid
Therminol/\VVP-1 is HTF compared to that when air is HTF. Figure 5.6 illustrates the
temperature profiles in NaNOs capsule at various times using liquid as HTF. The

convection in the molten NaNO; affects the temperature distributions inside the capsule.
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The larger convection at the top would increase the melting rate at the top region of the
solid PCM. High temperature gradient is present in the liquid PCM while the temperature

always remains slightly below the melting temperature of PCM in the solid state.

Streamlines
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(@) At 1.4 minutes (r = 0.01)

86



Streamlines

1.6E-05
1.4E-05
1.2E-05
1E-05
8E-06
6E-06
4E-06
2E-06

| 0
-2E-06
-4E-06
-6E-006
-8E-006
-1E-05
-1.2E-05
-1.4E-05
-1.6E-03

(b) At 4.2 minutes (z = 0.03)

Figure 5.5. Streamlines in molten NaNOj3 during melting process with liquid Therminol/VP-1 as HTF

Normalized Temperature

0.8

(a) At 2.8 minutes (z = 0.02)
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(b) At5.5 minutes (z = 0.04)

Figure 5.6. Temperature profiles in NaNO; EPCM capsule during melting process with liquid
Therminol/VP-1 as HTF

Table 5.1 illustrates the melting times for NaNOs; capsule with different HTFs. It
compares the melting times with buoyancy-driven convection in the molten PCM to those
without the natural convection in PCM. Since the average Rayleigh number in the current
case is lower than the critical Rayleigh number as described previously, the natural
convection inside liquid PCM creates slow laminar flow. Hence, it slightly shortens the
energy storage times. Moreover, using liquid as HTF would increase the energy storage
rate compared to that using air as HTF. The temperature difference in the molten PCM is
higher and that would enhance the natural convection in the liqguid PCM. Thus, the
energy storage and retrieval times are expected to be much shorter when liquid HTF is

used.
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Table 5.1. Melting times for 76.2 mm diameter NaNOz; EPCM capsule with different types of HTFs.

Air Liquid Therminol/\VP-1
Buoyancy-driven convection in
molten PCM + Gravity effect of 76.1 min 9.1 min
solid PCM
No buoyancy-driven convection
in molten PCM (considering 79.4 min 14.9 min
gravity effect of solid PCM)

5.2 The Effect of Void

Figure 5.7 is the schematic of the EPCM cylinder in a cross flow arrangement
considering the 20% wvoid space at the top of the capsule. The local Nusselt number
around the capsule varies in the angular direction as described in Figure 4.2 in Chapter 4.
Based on the volume expansion of NaNO3 due to phase change [16], 20% of the capsule
is kept as a void. The void space is occupied by the air. The buoyancy-driven convection

in the molten PCM is neglected for these simulations.

Hear Transfer Fluid

§ v

20% Void

Stainless Steel Encapsulation
(1716 inch (1.6 mm) thickness)

Figure 5.7. Schematic of the EPCM capsule geometry with wid space
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The energy balance at shell/void interface and at the void/PCM interface should be added
to the governing equation and boundary conditions described in the Chapter 4. The
thermal boundary condition at the shell’void interface is:

OTspen __ 9Tyoid_air
_kshell an __kvoid_air an (5-37)

At the void/PCM interface:

aTvoid_air _ aTPCM
void_air an - _kPCM an (538)

-k

where Kvoid_air is thermal conductivity of air in the void; Tyeid_air IS temperature of air.

Figure 5.8 illustrates the temperature distribution in 76.2 mm diameter NaNO3; EPCM
capsule before melting process starts. It is at 3.3 minutes from the beginning of a
charging process. The white horizontal line inside the capsule, as shown in Figure 5.8, is
the original location of the interface between void space and PCM. Since the highest heat
transfer coefficient occurs at the front stagnation point, the temperature at the top area of

EPCM increases faster.
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I 0.5 0 0.5 1
X

1- Encapsulation shell
2- Location of void/PCM interface

Figure 5.8. Temperature profile in NaNO3; EPCM before melting process at 3.3 minutes (z = 0.024)
into the charging process (air is used as HTF)

Figure 5.9 displays the location of the liquid/solid interface and temperature distributions
in NaNO3 EPCM capsule at various times during the melting process. Figure 5.9(a)
represents the temperature profile at 16.7 minutes into the melting process. The red curve
inside the capsule is the liquid/solid interface in PCM while the red horizontal line is the
location of the void/PCM interface. Region inside the red curve is solid state PCM and
region outside the red curve is liquid state PCM. The horizontal black dash line inside the
capsule represents the original location of void/PCM interface. At the early stage of the
melting process, the solid PCM starts melting at the corner (shellPCM/void) area. As the
melting progresses, the liquid/solid interface moves down to the bottom of the capsule
along the shellPCM interface. Meanwhile, the void/PCM interface moves up because of

the volume expansion of molten PCM. It is assumed that the void/PCM interface remains
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flat by neglecting the effects of surface tension. 33.2 minutes into the melting, a closed
interface is formed in PCM, as shown in Figure 5.9(b). As melting progresses further, the
interface propagates radially inwards while the void/PCM interface moves up further
since more PCM melts. 89 minutes into the melting process, nearly entire PCM turns into
the liquid phase, as displayed in Figure 5.9(d). The heat transfer inside the EPCM is

slightly slower as the air filling the void space is serving as an insulator.

Nomalized Temperature

- 10.44

- 40.36

Solid PCM

- 10.28

"1 0.5 0 0.5 1
X
1- Encapsulation shell

2-Liquid PCM
3- Location of void/PCM interface

(@) Location of the interface and the temperature distribution in EPCM 16.7 minutes into the melting
process
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Nomalized Temperature

0.76

410.44

Solid PCM | L 036

1- Encapsulation shell
2-Liquid PCM
3- Location of void/PCM interface

(b) Location of the interface and the temperature distribution in EPCM 33.2 minutes into the melting
process

Normalized Temperature

0.76

0.68
- 10.60
{0.52
L {0.44

X

1- Encapsulation shell
2- Location of void/PCM interface

(c) Location of the interface and the temperature distribution in EPCM 61.1 minutes into the melting
process
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(d) Location of the interface and the temperature distribution in EPCM 88.9 minutes into the melting
process

Figure 5.9. Location of the interface and the isotherms in NaNO3 EPCM (air is served as HTF)

5.3 Conclusions

The buoyancy-driven convection in the molten PCM influences the dynamics of the
liquid/solid interface and the temperature profiles in the capsule. It shortens the energy
storage time slightly. The energy storage time in the thermal management system
considered here is not influenced greatly by the buoyancy-driven convection since the
flow in the melt resulted from natural convection is very slow. The void space inside the
capsule designed to compensate the volume expansion by the phase change in the PCM,

which influences the energy storage time in the capsule.

94



Table 5.2 summarizes the melting times for NaNO; EPCM capsule for various
conditions. The natural convection in molten PCM slightly improves the heat transfer
process inside the capsule. Rayleigh number, Ra = gBATRs/(asewv), indicates the
magnitude of the buoyancy and viscous forces in the fluid. The larger the Rayleigh
number, the stronger the natural convection becomes. When the liquid is used as HTF,
the Rayleigh number can be slightly higher due to higher temperature difference in the
melt flow, which might enhance heat transfer in the capsule. The void space slows down
the heat transfer process inside the capsule slightly, as indicated by Table 5.2. The
melting time for the void space inside the capsule case in Table 5.2 is simulated using
average convective heat transfer coefficient around the capsule determined by the Nusselt
number expressed in equation (3.6).

Table 5.2. Melting times for 76.2 mm diameter NaNO3z; EPCM capsule with air as HTF.

Melting Times (Minutes)

Gravity effect of solid PCM 79.4

Buoyancy-driven convection in molten PCM

+ Gravity effect of solid PCM 76.1

20% void space in capsule + Gravity effect of

solid PCM 65.6
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CHAPTER 6
CONCLUSIONS

The present work includes immersion calorimeter experiments and heat transfer
simulations for EPCM capsules for thermal energy storage system. The aim has been to

study single EPCM for their usage in TES systems.

Based on immersion calorimetry experimental development and investigation, it is
concluded that:

1. Based on immersion calorimeter measurements, salt based EPCMs are shown to
be capable of being used as PCM for TES. There was no measurable deterioration
of storage capability in salt PCM based EPCM capsules after multiple thermal
cycles nor after long-term exposure at high temperatures. Nevertheless, corrosion
tests are needed for salt based EPCM capsules before applying them to CSP
plants.

2. Metal phase change materials, such as zinc and aluminum, encapsulated by other
metal materials (such as stainless steel, nickel, etc.) are not quite suitable to for
TES based on the calorimeter tests; this may be due to undesired intermetallic
compound formed between PCM and encapsulation shell. One way to avoid this
problem is to use less reactive materials as encapsulation shell, such as ceramic,

quartz, etc., but further studies are needed.

Heat transfer simulations were conducted for EPCM capsules. Various heat transfer and

material combination for EPCM were compared, as illustrated in Table 6.1, to better
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appreciate the heat transfer processes inside the capsule to help design EPCM based

thermoclines. The conclusions from the heat transfer analysis are summarized as follows:

1.

2.

Larger sizes of capsules would have longer heat transfer times.

The heat transfer process is significantly improved by using liquid as HTF instead
of a gas because of higher density and heat capacity of liquids.

Larger temperature differences between HTF and EPCM would increase the
energy storage/retrieval rate in the capsule during phase change process.

During energy storage and melting of the PCM, the effect gravity and the higher
density of solid PCM in the EPCM capsule would shorten energy storage times.
Buoyancy-driven convection in molten PCM could impact the liquid/solid
interface movement in PCM, the temperature profiles in the EPCM capsule, and
shorten the energy storage times. However, for the conditions considered here, the
average Rayleigh number is relatively small and thus the convection effects are
likely to be not significant.

Using liquid as HTF could slightly enhance the natural convection in molten PCM
compared to when air is used as HTF.

There must be sufficient void space inside the EPCM capsule for volumetric
expansion of PCM due to phase change and temperature increases. The void
space could act as an insulator and could slightly slow down the heat transfer rate
inside the capsule (comparing the melting times per unit mass of PCM between

considering the void space in the capsule case and no void space case).
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Table 6.1. Melting times for 76.2 mm diameter NaNO3z; EPCM capsule with air as HTF.

Melting Times Melting times per unit mass of
(Minutes) PCM (Minutes/kg)
No gravity effect of solid PCM;
No natural convection in molten PCM; 1148 121
No void space in capsule

Gravity effect of solid PCM 79.4 84

Buoyancy-driven convection in Molten PCM 761 8.0
+ Gravity effect of solid PCM ' )

20% void space in capsule + Gravity effect 65.6 86
of solid PCM ) )

Studies of the heat transfer performance in EPCM capsule conducted here can help to
improve the understanding of TES process and the total energy storage/retrieval times

with EPCMs and help with thermocline design.
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