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1. INTRODUCTION

The use of phase-change materials (PCMs) for ther-
mal energy storage in solar heating and cooling sys-
tems has received considerable attention. The moti-
vation for using phase-change energy storage (PCES)
is the reduction in storage volume which can be
achieved compared to sensible heat storage. Using a
one-dimensional model with an infinite heat transfer
coefficient between the air and storage medium,

Morrison, et al.[1] have shown that air-based solar

systems utilizing sodium sulphate decahydrate
(Na, SO,.10 H,0) as a storage medium require roughly
one-fourth the storage volume of a pebble bed. For
paraffin wax, the required volume increases to ap-
proximately one-half the storage volume of a pebble
bed. Their results are based on a seven month heating
season from October 1 to May 1 for Madison, WI
and Albuquerque, NM.

For liquid-based systems, their results showed that
a system utilizing paraffin wax may require a slightly
larger storage volume than a system of comparable
performance with a water tank. On the other hand,
systems utilizing Na, SO,.10 H;O require roughly one-
half the storage volume of a conventional water tank
system.

The model used by Morrison et al. to describe the
performance of PCES unit is based on the following
assumptions:

- @ the PCM behaves ideally, i.e. such phenomena as

property degradation, supercooling and crystaliza-
tion are not accounted for, and the phase-change
material is assumed to have definite melting tem-
perature

e infinite thermal conductivity for the PCM in the
direction normal to the flow (fadial direction); this
assumption requires that Biot number is suffi-
ciently low such that the temperature gradients in
the storage material normal to the flow direction
can be ignored

e heat losses from the storage unit to the surround-
ings are negligible

e zero thermal conductivity for the PCM in the di-
rection parallel to the flow (axial direction)

e the number of transfer units of the storage unit,
NTU, is sufficiently large so that the local film
temperature difference between the fluid and the
PCM can be ignored

In order to test the validity of the first assumption,
the effect of semi-congruent melting on system per-
formance was examined in [2]. It was found that a
semi-congruent melting of the PCM over a temper-
ature band of up to *8°C around the nominal melting
temperature has only a slight effect on system per-
formance. Even so, the present study takes this effect
into consideration.

The main objectives of the present study are
1. To develop a model of PCES which considers

i) the heat losses from the storage unit,
ii) the axial conduction in the storage material,
iii) the radial conduction in the storage material
(i.e. the thermal conductivity of the storage
material in the radial direction is finite), and

iv) the local film temperature difference between

the fluid and the PCM.

2. To study the effect of assumptions in the models
of earlier studies on both the solar fraction (the
fraction of the load met by solar energy), and the
required storage capacities.

The thermal properties of the storage media used in

the present study are given in Table 1.

2. CONFIGURATION OF THE STORAGE VESSEL

Figure 1.1 shows the configuration chosen for the
storage vessel. It consists of a vessel packed in the
vertical direction with cylindrical tubes. The storage
material is inside the tubes and the heat transfer fluid
flows parailel to it. To have as much phase-change
material as possible, the vessel must be closely packed.
The void fraction (the ratio between the fluid volume
and the storage tank volume) is assumed to be equal
to 0.3. The inside volume and inside surface area of
the tank are respectively given by V, and A,. The
number of cylinders inside the vessel is N,. The ra-
dius of the cylinder tubes is R,, the length of the cyl-
inders as well as the inside height of the vessel is
given by L. R, is set to 0.02 m and L is set to 2.0 m
so that R./L = 0.01. This ratio is small enough
to minimize radial heat conduction in the storage
material.

3. ANALYSIS

The thermal energy storage in PCM makes use of
the latent heat of the material. The change of state
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Table 1. Thermal properties of storage media[3]

Properties P116 Wax Medicinal Paraffin Na,S0,.10H,0 Rock
c(kJ/kg K) 2.89 . 1.92 .84
c,(kJ/kg K) +++ . 3.26 —
k(kI/m h K) .497 . 1.85 45
k,(I/mhK) +++ . o+ —
Tm(°C). 46.7 40 32 —
Ta2(°C) +++ 44 +++ —_
hy, (kI /kg) 209 146 251 —
p.(kg/m’) 786 830 1460 2400
pikg/m?) +++ +4++ 1330 _

+++ assumed equal to corresponding value for solid phase

results in a moving boundary: on one side of the in-
terface the material is solid, while on the other side
it is liquid. This class of problem is known as “Ste-
fan” problems. The problem of tracing the interface
can be eliminated by using the specific enthalpy (k)
rather than temperature as the dependent variable. The
relations between the enthalpy (%) and the tempera-
ture (7") for different ranges are as follows:

hT) = ¢TI for T<T, €))

hsl(T - Tml)

h(T) = CsTml + for Tml =T= Tm2 (2)

m

and

h(T) = CIT + hxl + C:Tml - CITmZ (3)
where T, and T,, are respectively, the lower and
upper boundary of the transition range, AT, = T

~ Tm1, by is the latent heat of the phase-change ma-
terial, ¢ specific heat in the solid range, and ¢, the

from heat source to load
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specific heat in the liquid range. The problem can be
further simplified by using the non-dimensional en-
thalpy, H*, which is given by

h— hml
H = e @
h:l
and the non-dimensional temperature, 0, whére
C.\'(T - Tm!) ’
§=———=> for T<Tp, (&)
hsl
and
c(T - T,
0 =-‘§-—-h———‘—)- for T =T (6)
sl

The number of axial elements inside the cylinder is
M, and the number of radial elements is N + 1 (N
elements of the storage material and one fluid ele-
ment). Considering a cylindrical quantity of PCM (Fig.
1.2), which is a part of the cylinder, taking a control

fluid
(S
| |
P CiM I L
JPR
= ":___:,.,—/
Re

(b)

Fig. 1. a) The cylinder-packed vessel; b) the model for one cylinder.



Phase-change and sensible heat storage 211

Y4
A
> R
A.
j
Ak
V]!
jT
<+

K

Fig. 1.2. The cylindrical control volume element.

volume element (j;k), which is a ring with inner ra-
dius R, and outer radius R;..,, then applying an en-
ergy balance on that volume element results in:

Ve = el i oea, L
PV, “or|, " "'eR|,,
oT oT
9z |; 9z ;.

where the surface areas of the element (j, k) are given
by -

Ay = 2Ry ®

Apoy = 2Ry &)
and
A=A, =7 R, —RD) (10)
and the volume of the element by
Vi = m(Ri-; — R)I (11

Using a finite difference approximations for 8T/8R
and 37/dz:

ol T8, —T%,
2l = Sk Jikt+1 (12)
R |, Ri—1 = Ry
aT T — TH
—| = (13)
oR|,_, Ry~ Ry—z"
or Tl — T%
il B JLk ik (14)
9Z|; l
and
aT T — T 4
i — gk j—Lk (15)
0z, , l

and for dh/d,:

(16)
0t At

Where the superscript, p, refers to the time level.
Substituting eqns (8—16) into eqn (7), an equation

for the enthalpy of a specified element can be written

in non-dimensional form. An energy balance on the
fluid element results in an equation for the temper-
ature distribution of the fluid element. These two sets
of equations can be solved using the Gauss-Seidel
iteration method. The detailed analysis of the nu-
merical method used to solve this problem can be
found in [4].

4. SYSTEMS DESCRIPTION AND CONTROL STRATEGY

4.1 Air-based system[5,6,7]

The transient simulation program TRNSYS[8] is
used to determine the performance of the standard
solar air space and domestic water system shown in
Fig. 2. The parameters selected for the system com-
ponents are listed in Table 2. The system shown in
Fig. 2, has three modes of operation. The first mode
occurs when solar energy is available for collection
and the space heating load is non-zero. During this
mode, the fluid is circulated between the collectors
and the load while the storage unit is isolated. The
second mode occurs when solar energy is available
for collection and the space heating load is zero. In
this case, air is circulated between the collectors and
the storage unit. The final mode occurs when solar
energy is not available for collection and there is a
space heating load. In this case, air is circulated be-
tween the storage unit and the load. The system op-
eration is controlled by a series of thermostats, fans,
and flow diverters. Air flow to the space heating load
and auxiliary heat is governed by a two-stage ther-
mostat which monitors room temperature. It com-
mands first stage (solar source) heating when the room
temperature drops below 20°C, and second stage
(auxiliary source) heating when the room temperature
drops below 18.5°C.

4.2 Water-based system

The water-based system simulated in this study is
shown in Fig. 3, and system parameters are listed in
Table 3. This system differs from air-based system
in that the storage unit can be charged and discharged
simultaneously. This system consists of three inde-
pendently operating subsystems, i.e. the collector loop,
the load, and the domestic hot water system. When-
ever solar energy is available, it is collected and
transferred to the storage unit. Whenever a space
heating load is present, it is met by the storage unit
and the auxiliary energy source. The domestic hot
water system takes energy from the storage unit when
it is necessary. Relief valves are shown for dumping
excess energy.
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Fig. 2. Schematic representation of the standard solar air heating system.

5. RESULTS AND DISCUSSION

5.1 Air-based system ‘
The effect of storage capacity on system perfor-
mance for the air-based system using wax (PCES) are
shown in Fig. 4. These results are obtained from one
week of simulation starting January 1 in Albuquer-
que, NM. The pebble bed used the same computer
program as used for PCES by setting the material
melting temperature arbitrarily high, so that all en-
ergy stored is in the form of sensible heat. For sen-
sible heat storage with the infinite NTU assumption,
the model reduces to that developed by Hughes et

al.[9]. Figure 4 shows the difference between the
present finite NTU model and the infinite NTU model
used by Morrison et al. for the parameters values in-
vestigated. There is a little difference between the
finite and infinite NTU results (less than 2% at the
smallest storage mass used 5 kg/m?, corresponding
to NTU = 1. As storage capacity increases (which
increases the value of NTU for the finite NTU model),
this difference becomes smaller and approximately
disappears completely at storage capacities above 40
kg/m’ (corresponding to NTU = 8). These results
indicate that for air-based systems the infinite NTU
can be used with a very small error taking advantage

Table 2. Air-based system

Collector

Number of glass covers 2
Product of extinction coefficient

and thickness of each glass

cover 0.037
Refractive index . 1.526
Collector plate absorptance (o) 0.95
Collector emittance (€) 0.9
Collector efficiency factor @ 0.7 )
Back and side losses 1.5kI/hm*K
Mass flow rate per unit collector

area 44 kg/h m*
Glazing spacing 0.04 m

Ducts

Load
Load capacitance (MCy) 20,000 kJ/K
Nominal space heating load (UA) 1000 kI/h K
Water preheat tank volume 0.35 m*
Air to water heat exchange
effectiveness 0.75
Cold water inlet 15°C
Set point for hot water 60°C

- The collector circuit pipings and the heating circuit piping are-divided into a cold and a hot side, and the following

data are the same for both sides.

Collector circuit pipe (each side)

Length 20 m
Diameter 0.04 m

Heat loss 20 kI/h K
Fluid density 1.204 kg/m®
Fluid specific heat 1.012 kI/kg K
Ambient temperature 20°C '

Heating circuit pipe (each side)

Length 15m
Diameter 0.04 m

Heat loss 15kI/h K
Fluid density 1.204 kg/m®
Fluid specific heat 1.012 kI/kg K
Ambient temperature 20°C
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Fig. 3. Schematic representation of solar water heating system.

of its huge decrease in computational cost in com-
parison with the finite NTU model. Further results
were obtained for the air-based system using the in-
. finite NTU model. The following results are gener-
ated using one year simulation in Albuquerque. Fig-
ures 5 and 6 show the variation of solar fraction with
storage mass and storage volume for sodium sulphate
decahydrate, paraffin wax (P116), and medicinal
paraffin. The first two materials were studied by
Morrison et al. The third was chosen because it has
a semicongruent melting behavior over a temperature
range of 40-44°C. At a solar fraction equal to 0.85,
Morrison et al. recommend storage capacities of 12
kg/m?, 16 kg/m?, 118 kg/m’ for Na,SO,.10H,0,

paraffin wax, and pebble bed storage, respectively.
A system using sodium sulphate and wax will require
only 17%, and 40% of the storage volume of a peb-
ble bed system to achieve the same system perfor-
mance. At the same solar fraction (0.85), the values
resulting from the more detailed model in this study
are 14 kg/m?, 17 kg/m?, 23 kg/m?, and 125 kg/m®
for sodium sulphate decahydrate, P116 wax, medic-
inal paraffin, and pebble bed, respectively. The pres-
ent storage capacities are slightly higher than those
indicated by Morrison et al. for sodium sulphate and
paraffin wax due to the effect of storage energy losses.
The storage volume required for medicinal paraffin
is slightly larger than the storage volumes required

Table 3. Water-based system parameters

Collector
Number of glass covers 2
Product of extinction coefficient
and thickness of each glass

cover 0.037
Refractive index 1.526
Collector plate absorptance (o) 0.95
Collector emittance (€) 3 0.9
Collector efficiency factor (F) 0.9
Back and side losses 1.5ki/hm* K
Mass flow rate 50 kg/h m*

Piping

Collector circuit pipe (each side)

Length 20 m
Diameter 0.05 m

Heat loss 18 kI/h K
Fluid density 1000 kg/m®
Fluid specific heat 4.197 kI /kg K
Ambient temperature 20°C

The collector circuit piping and heating circuit piping are divided into a cold side and a hot side, and the following

data are the same for both.
Heating circuit pipe (each side)

Length 1I5m
Diameter 0.05m

Heat loss 10.8 kJ/h K
Fluid density 1000 kg/m®
Fluid specific heat 4.197 kJ/kg K
Ambient temperature 20°C

Preheat tank

Volume 0.35 m’
Thermal loss 1.5kI/h m* K
Shape H/D =1
Cold water inlet temperature 15°C

Ambient temperature 20°C

Set point for hot water 60°C
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Fig. 4. Variation of solar fraction with storage mass for P116 WAX (one week simulation starting
January 1). :

for sodium sulphate and paraffin wax becduse it has
the lowest latent heat (146 kJ/kg) and a relatively
high melting temperature (40-44°C). Systems using
sodium sulphate, P116 wax, and medicinal paraffin
will require roughly 18%, 40%, and 51% of the stor-
age volume of sensible heat system using pebbles in
order to achieve the same system performance. These
results indicate the advantage of using phase-change
material. The results presented here are based on ideal
behavior of the PCM, because such phenomena as
property degradation, supercooling, and crystalliza-
tion are not accounted for.

5.2 Water-based systems

For water-based systems, a parametric study for
energy stored was conducted because significant dif-
ferences between the finite and infinite NTU models
were expected due to the relatively large heat capac-
ity of water. Figure 7 shows the variation of fluid
outlet temperature with time ‘for P116 wax at differ-
ent values of NTU. These figures have been gener-
ated for constant inlet fluid temperature (T; = 80°C)
during the heating mode only. As the NTU increases
at a given time, the outlet fluid temperature becomes
smaller (i.e., more heat is removed from the fluid
and consequently more heat will be stored in the ma-

terial). This figure shows that there is a significant
difference between the finite and infinite NTU model.
In the following analysis, when axial conduction is
considered it will be called the one-dimensional (1D)
finite NTU model, and when both axial and radial
conduction are considered, it will be called the two-

» dimensional (2D) finite NTU model. Figure 8 shows

the variation of stored energy with time for P116 wax.
There is little difference between the finite NTU model
1D, and the finite NTU model, 2D but still there is
a significant difference between the values of stored
energy obtained using the infinite NTU model and
the finite NTU model about 36%. The effect of both
the number of radial points (N) and the number of
axial points (M) on the stored energy for wax were
studied. There is no significant variation in the stored
energy with increasing the number of radial points
above 5 (i.e., N = 5) or with increasing the number
of axial points above 10 (i.e., M = 10). A compar-
ison was made between using the finite NTU, 1D,
and the finite NTU, 2D in Fig. 9 for P116 wax. As
seen from figure, the 2D model gives slightly better
results and the difference between the two models
becomes smaller as the NTU increases, and disap-
pears for NTU values above 100. This behavior is

. due to many factors such as the amount of mass flow
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rate, .system size, inlet fluid temperature, heat trans-
fer coefficient between the fluid and material surface,
fluid temperature distribution, and storage material
temperature distribution. Since the stored energy in
the material depends on the area under the temper-
ature versus distance curve, the result for the more
accurate 2D case is due to the increase in this area
when considering the temperature gradients in the
storage material. Figure 10 shows the variation of the
storage material temperature with the radial distance
for P116 wax for different times of heating the stor-
age unit (T; = 80°C, and h = 2500 kg/h). This fig-
ure shows that the area under the curves is larger for
the 2D case.

To study the effect of different models on the val-
ues of solar fraction, the standard water-based system
shown in Fig. 3 was simulated, using both PCES and
a stratified conventional water tank (5 nodes) for the
main storage tank. The simulation was run in Al-
buquerque for one week starting January 1. To ex-
amine this effect, consider a solar fraction of 0.65.
From Fig. 11, the recommended storage masses per
unit collector area are 13.5 (0.025), 16 (0.029), and
18 kg/m” (0.033 m*/m?® for infinite NTU model,
finite NTU (2D), and finite NTU model (1D) re-

spectively. So, the use of infinite NTU model of
Morrison et al. will give an error in solar fraction
value of about 14%, whereas the difference between
finite 1D, 2D models values is roughly 4%. An ac-
curate examination of the water-based system can be
obtained only using the exact solution, i.e., the finite
NTU (2D) model. The approximation of infinite NTU
model (unlike in the air-based system) gives a sig-
nificant error in the determination of the system per-
formance. Figure 12 shows the variation of solar
fraction with storage volume for water tank, P116
wax, and sodium sulphate. Here, the reduction in
storage volume is not so pronounced as the case of
air-based system. For example, a solar fraction of 0.65
can be realized by using a sodium sulphate with a
storage volume of 0.014 m*/m?® (14 kg/m?) or a par-
affin wax with a storage volume of 0.029 m®/m? (16
kg/m?) or a conventional water tank with a storage
volume of 0.029 m®/m” (29 kg/m?), i.e., the re-
quired storage volume of sodium sulphate is roughly
50% of the storage volume required by a conven-
tional water tank to realize the same system perfor-
mance. For paraffin wax, the storage volume re-
quired is the same as required by a conventional water
tank. So even with liquid-based system, use of phase-
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Fig. 11. Variation of solar fraction with storage mass for P116 WAX (one week simulation starting
January 1).



Phase-change and sensible heat storage 219

SOLAR FRACTION (f)
o
Ul
u
1

0. 40 ' ' '

HATER-BASED SYSTEM
1 WATER TANK

2 P116 HAX

3 SODIUM SULPHATE -

Ac =58 m?

a 10 20 38

40 Su =17 ‘g 80 =17}

3
STORAGE UOLUME PER UNIT COLLECTOR AREA (X18 m%.,m?2)
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change material can result in a decrease in the storage
volume but not nearly as large as in the air-based

system. The recommended value for the storage vol-’

ume for P116 wax (i.e., the value of storage volume
above which there is no significant increase in system
performance—0.03 m®/m?) for air-based system is
approximately equal to the recommended value for
water-based system (0.029 m®/m?. The recom-
mended storage volume does not depend on system
configuration, i.e. air-based or water-based system
for any of the materials studied.

NOMENCLATURE

cross-sectional area
collector area
inside surface area of the storage tank
specific heat of circulating fluid
specific heat of PCM in solid phase
¢y specific heat of PCM in liquid phase
F annual solar fraction
f solar fraction
H* non-dimensional enthalpy
h specific enthalpy
hy latent heat (solid-liquid transition)
k thermal conductivity
k. thermal conductivity of PCM in solid phase
k;, thermal conductivity of PCM in liquid phase

Lo2E>

L storage unit length
! axial length of control volume element
M number of axial elements
M, storage mass
m mass flow rate
N number of radial elements
N. number of cylinders
NTU
P
R

up L)
me
perimeter of the storage material (P = 2w R, N.)
radial distance
R. radius of the cylinder
T temperature
T, inlet fluid temperature
T, outlet fluid temperature
T,, lower melting temperature
T,, upper melting temperature
t time
U total loss heat transfer coefficient
V,x control element volume
V. the inside volume of the storage tank
z axial distance
AT, transition range width
0 non-dimensional temperature
PCM density

number of transfer units <NTU =
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