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Abstract

The present study is to investigate the effect of experimental parameters on the heat
transfer characteristics of a spherical capsule storage system using paraffins. N-Tetra-
decane and mixture of n-Tetradecane 40% and n-Hexadecane 60% were used as pa-
raffins. Water with inorganic material was also tested for the comparison. The experi-
mental parameters were varied for the Reynolds number from 8 to 16 and for the inlet
temperature from -7 to 2TC.

Measured local temperatures of spherical capsules in the storage tank were utilized to
calculate charging and discharging times, dimensionless thermal storage amount, and the
average heat transfer coefficients in the tank. Local charging and discharging times in
the storage tank were significantly different. The effect of inlet temperature on charging
time was larger than that on discharging time, but the effect of Reynolds number on
charging time was smaller than that on discharging time. Charging time of paraffins was
faster by 11~72% than that of water with inorganic material, but little difference of dis -
charging time was found among them.

The effect of Reynolds number on the dimensionless thermal storage was less during
charging process and more during discharging process than the effect of inlet tem-
perature.

The effect of the inlet temperature and the Reynolds number on the average heat
transfer coefficient of the storage tank was stronger during discharging process than
during charging process. The average heat transfer coefficients of the spherical capsule
system using paraffins were larger by 40% than those using water.
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kwan University, Suwon 440-746, Korea sity, Suwon 440-746, Korea
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Nomenclature

: Surface area of a spherical capsule, m®
: Diameter of a storage tank, m

: Diameter ratio (=D/d)

: Diameter of a spherical capsule, m

= a gy e

: Average heat transfer coefficient,
W/m’ - K
: Thermal conductivity, W/m’ - K
u : Nusselt number (h,d/ke)
: Number of spherical capsules
: Thermal storage amount, kJ
: Dimensionless thermal storage amount
(=Q/Qtot)
: Heat transfer rate, W
: Radius of a storage tank, m
R’ : Dimensionless radius of a storage tank
(=r/R)
Re : Reynolds number, (= pvd/(1-¢)u)
r : Distance from the center of a storage
tank, m
T : Temperature, C
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t :Time, s
v : Mean velocity of coolant, m/s

Greek letters

¢ : Porosity

¢ Viscosity of coolant, kg/m - s
o : Density of coolant, kg/m’

Subscripts

f :Coolant

fi . Inlet condition of coolant
m : Melting

o . Outside of a capsule
: Surface of a capsule
tot : Total

Superscript
+ : Dimensionless

1. Introduction

A thermal storage system can provide effi-
cient use of energy by minimizing the unba-
lance of electric demand between day-time
and night-time in summer. The thermal sto-
rage system is classified as either sensible
heat storage system or latent heat storage
system. Since the latent heat storage system
requires smaller installation area and expense
due to higher thermal storage density and dis-
charge at the constant phase change tempe-
rature, the latent heat storage system is su-

. perior to the sensible heat storage system.

Latent heat storage system can be classi-
fied as either static or dynamic ‘system. There
are ice-in-coil, ice-on-coil, ice-ball, ice-lens
systems, etc. for the static system, and ice-
harvest, ice slurry, phase change material
slurry system, etc. for the dynamic system.

Ice ball system, as a latent heat storage
system, has the advantages of large heat tran-
sfer area and easy installation. Saitoh® re-
ported that the spherical capsule (among sphe-
rical, plate, cylindrical, coil shape, etc.) showed
the best thermal storage performance by using
n-Heptadecane(C,7Ha) as a phase change ma-
terial. Kamiya® and Choi et al.”®’ investigated
the overall thermal storage characteristics of
the spherical capsule system with respect to
the temperature difference between the inlet
and outlet of the storage tank.

Chen and Yue" and Saitoh and Hirose®
studied one dimensional axial model of the
storage tank. Benenati and Brosilow® re-
ported that the radial porosity distribution in
the rockbeds system varies over a distance of
45~5 rock diameters from the wall of tank
and the difference decreases near the center
of tank. Lerou and Froment” reported that
the velocity and heat transfer amount at the
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wall were larger than those at the center due
to the different porosity distribution by ex-
perimentally investigating radial velocity and
temperature distributions of the rockbeds sto-
rage tank with the diameter ratio of 10. Even
though the rockbeds system is different from
the spherical capsule storage system, it has
the similar arrangement with spherical cap-
sule system. Thus, thermal storage charac-
teristics of capsules of the storage tank may
be different in the radial direction due to the
different porosity hence an investigation on
the local thermal storage characteristics is re-
quired.

The commercial thermal - storage system
utilizes water with inorganic material. It has
the solidification temperature near 0C which
is unnecessarily low and usually has super-
cooling which causes bad thermal performance.
Arnold® investigated supercooling and ther -
mal characteristics of spherical capsules with
water by changing the diameter of capsule.
The thermal storage materials having higher
melting point than water and similar latent
heat with water are clathrates, paraffins, etc.
Clathrate has the problems of CFC restriction
and supercooling. The clathrate with the mel -
ting point from 5 to 15C was investigated by
Chung et al® and Kim et al’?. Paraffin has
the advantages of wide range of melting tem-
perature, little supercooling, and little phase
12 investi-
gated thermal performance of paraffins for
heating. The investigation on the paraffins
(higher melting point than water and relati-
vely large latent heat) is required for provi-
ding efficient thermal storage system.

The present study experimentally investi-
gated the effects of Reynolds number and
inlet temperature on the heat transfer charac-
teristics of a spherical capsule storage system

separation. Lim et al and Kim

using paraffins.

2. Experimental Apparatus and Procedure
2.1 Experimental parameters

Reynolds number and inlet temperature were

varied for different paraffins in this study.
The present study used two types of para-
ffins : n-Tetradecane(Cy4Hz) and a mixture of
n-Tetradecane 40% and n-Hexadecane(CiHas)
60%. Paraffins are non-poisonous, chemically
stable and have little supercooling for nucle-
ation and small volume change during phase
change process. Choi et al"® measured mel-
ting temperature and fusion energy of n-Te-
tradecane and n-Hexadecane. The present study
used commercial grade paraffins with the pu-
rity of 94%.
. Melting temperature and fusion energy of
distilled water and paraffins were measured
by the differential scanning calorimeter(DSC)
as shown in Fig.l. The melting temperature
of distilled water measured by the DSC was
0.81C when the heating rate was 1T/min.
Since the melting temperature of distilled water
is 0C in the literature, the temperature di-
fference of 0.81°C should be corrected for the
melting temperature of paraffins. The corrected
melting temperature and fusion energy were
3.64C and 172.1kJ/kg for n-Tetradecane and
6.81C and 1209kJ/kg for the mixture of n-
Tetradecane 40% and n-Hexadecane 60%.
Water with inorganic material was also used
for comparison with paraffins.

Reynolds numbers obtained using diameter
of the capsule and porosity in the storage
tank were 8, 12 and 16 and inlet temperatures
were set at -7, -4, -1, 2C during charging
process and 10C during discharging process
considering operation condition of commercial
systems. The diameter ratio of the storage
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L 081%¢
Distilled Water 318.3 J/g

n—-Tetradecane 445C
e 1721 J/g

Heat flow(W/g)
s

Mixture

7.62 ¢
120.9 J/Q_

—————

= ] ]

Temperature(C)

Fig.1 Melting temperature and fusion energy
of PCM's by the DSC

tank to the capsule was fixed at 8.8.
2.2 Experimental apparatus and procedure

The schematic of the experimental appa-
ratus is shown in Fig.2. The detailed diagram
of the test section is shown in Fig.3. The
acryl thermal storage tank has the diameter
of 220mm, wall thickness of 10mm and the
height of 173mm. The spherical capsules in
the storage tank were packed in-line with 7
stories and its porosity is 0.47.

The storage tank was insulated with glass
wool. Inlet and outlet of the system were made
by 1-mm-thick stainless steel funnel with the
angle of 63.7°. Metal scrubber was put inside
the inlet of the tank and the honeycomb was
put behind the inlet of the tank to make the
flow at the inlet of tank uniform. The sphe-
rical capsules with the diameter of 24.5mm
and the thickness of 0.8mm were made of

Belore

During
the experiment i

the

AN Fal
°© @ =
)
1. Test section 2~3. Baths
4~8. Flow control valves 9. Flow meter
10. Data acquisilion system 11.PC

Fig.2 Schematic diagram of the experimental
apparatus

1. Test section 2. Spheri i 3.t y
4. Inner insulator 5. Quter insulator 6. Thermocouple
7. Metat screen 8. Steet scrubber

Fig.3 Detailed diagram of the test section

high density polyethylene. Paraffin or water
was filled in the capsule by considering the
volume change during the phase change. The
initial temperature in the capsule and the inlet
temperature of the storage tank were con-
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trolled by a constant temperature bath which
circulates ethylene glycol 40% aqueous solu-
tion. The flow rate was controlled by the flow
control valves and measured by the rotameter
calibrated within *+1% accuracy. The tempe-
rature values inside and at the surface of
capsules and working fluid temperature were
measured by copper-constantan thermocou -
ples with the diameter of 0.127mm calibrated
within £0.15C using a standard RTD. Mea-
sured temperatures were recorded by a 60
channel data acquisition system.

The experimental procedures were as follow.
Before the charging, temperature inside the
storage tank was set at 10C by constant
temperature bath (part #3 in Fig.2) and the
other bath (part #2 in Fig.2) was set at the
inlet temperature. Charging process started
with connecting the bath (part #2 in Fig.2) to
the test section and turning off the bath (part
#3 in Fig.2). Charging process was done by
controlling the valves and inlet temperature.
Discharging process was done in the reversed
order from charging process.

3. Results and Discussions

3.1 Local temperature variation and char -
ging and discharging time in the
storage tank

Typical temperature variations inside and
at the surface of capsules, located along the
centerline of the storage tank, are shown for
n-Tetradecane in Fig.4 (charging process) and
Fig5 (discharging process). The inlet tempe -
rature was -4T and Reynolds number was 16.
Temperature at the surface of the capsule
was always lower than temperatures inside
the capsule during charging process. The rea-
son is that heat transfer occurred from the
inside of the capsule to the coolant through

the surface of the capsule. Center of the cap-
sule showed relatively constant phase change
temperature, but temperatures at different lo-
cations except the center of the capsule de-
creased during charging process since the heat
removal amount was larger than the solidi-
fication energy. Grodzka™® reported that tem -
perature may decrease during phase change
process by the larger heat removal amount
than the solidification energy when the soli-
dification process is slow and the temperature
gradient gets larger as the purity of the ma-
terial is lower.

Time to reach to the inlet temperature of
-4C was 50min for the lst story, 60min for
the 4th story, 70min for the 7th story during
charging process along the centerline of the
storage tank. Time to reach to the inlet tem-
perature of 10C was 80min for the 1st story,

center of the 1% story

Temperature(C)

Time(min)

Fig.4 Temperature variations inside and at
the surface of capsules with n-Tetra-
decane along the centerline of the tank
during charging process(Tg=~4T,
Re=16)
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85min for the 4th and 7th stories during dis-
charging process along the centerline of the
storage tank.

Temperatures were measured at the center
of the capsule in the middle and at the edge
of the 1* and the 7" story in the storage
tank in order to investigate the temperature
variations in the axial and radial direction of
the storage tank. The typical temperature va-
riations at the center of the capsule with n-
Tetradecane and working fluid temperature
around the capsule are shown in Fig.6. The
inlet temperature was -4C and the Reynolds
number was 16. The temperature gradient in
the liquid sensible heat section was larger
than that in the solid sensible heat section.
The reason is that the thermal diffusivity of
liquid phase is larger by 26% than that of
solid phase.

Charging or discharging time was defined

Temperature(C)

center of the 4% story

0 2
3

center of the 7* story

0 10 20 30 40 S0 60 70 80 80 100

Time(min)

Fig.5 Temperature variations inside and at
the surface of capsules with n-Tetra-
decane along the centerline of the tank
during

as the time period from starting to ending of
phase change when the temperature differ-
ence is within £0.2°C. The charging time
was 53min at the center and the edge of the
1* story and 70min at the center and the
edge of the 7% story. The discharging time
was 53min at the center of the 1% story,
39min at the edge of the 1* story, 64min at
the center of the 7 story, and 5lmin at the
edge of the ™ story. Charging and dischar-
ging processes were performed faster at the
1% story than at the 7% story and faster at
the edge than at the center. The reason is
that the local porosity at the center of the
tank is smaller than that at the edge of the
tank as shown by Benenati and Brosilow®.
The difference between the 1% and the 7*
story for charging time was larger than that
for discharging time. The difference between
the center and edge for charging time was

Temperature(C)

Discharging

-5

~10
[} 20 40 60 &0

Time(min)

Fig.6 Temperature variations at the center
of a capsule with n-Tetradecane and
of working fluid around the capsule
(Ts=-4TC, Re=16)
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larger than that for discharging time. The
effects of the inlet temperature and the Rey -
nolds number on charging and discharging
time are shown in Fig.7 for the capsule filled
with n-Tetradecane at the center of the 4™
story of the tank. Charging and discharging
times were decreased as the Reynolds num-
ber increased and the inlet temperature de-
creased. As the inlet temperature increased
from -7 to -1T, charging and discharging
times were increased by 88% and 7% for the
Reynolds number of 8 and by 53% and 11%
for the Reynolds number of 16, respectively.
The dotted line in Fig.7 shows the charging
time subtracted by the supercooling time when
the inlet temperature was -1°C. The super-
cooling time was 1lmin and 4min for Rey-
nolds number of 8 and 16, respectively. The
effect of the inlet temperature on the char-
ging time was larger than that on the dis-

150

Charging

100

50

Te
~— | “1 T (w/ supercooling)
©- |-1 T (w/o supercooting)
—-— -4 T
el S
o PR—

150

Time(min)

Discharging

100

|

—

Fig.7 Charging and discharging time at a
center of a capsule with n-Tetrade -
cane at the center of the 4™ story of

the tank

charging time.

The effect of the storage materials on the
charging and discharging time is shown in
Fig.8. The difference between the inlet tem-
perature and phase change temperature was
approximately 8C. The time was measured
at the center of the capsule filled with n-
Tetradecane in the middle of the 4% story.
The supercooling time for capsule with water
was 76min for the Reynolds number of 8.
The dotted line shows the charging time sub-
tracted by the supercooling time. The char-
ging time for water was larger by 16~72%
than that for paraffin mixture. The difference
of discharging time with respect to storage
materials was smaller than that of charging
time.

3.2 Dimensionless thermal storage

+
amount(Q’)
150
Charging
100
50 W °
—&= ! wawer {w/ supercooling)
- © - iwater {w/o supercooting)
= - n-Tetradecane
g o mixture
~ Q
é 150
=

Discharging

—

50

Re
Fig.8 Charging and discharging time at a
center of a capsule at the center of
the 4% story of the tank w.r.t the
thermal storage(Tm—T;=87C)
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Total thermal storage amount in the sto-
rage tank can be obtained by :

tn

4] &
Qu= [, adt+ [ qatt - -+ [ qa

1)

Since the total thermal storage amount
changes with respect to storage materials and
experimental parameters, dimensionless ther-
mal storage amount defined by equation (2)
is used to investigate the effect of materials
and parameters.

t
f qdt
PO R
=0 @

The effects of the inlet temperature and
Reynolds number on the dimensionless ther-
mal storage amount are shown in Fig9 for
n-Tetradecane. The time to reach to the di-
mensionless thermal storage amount of 1 was
smaller by 47% for the inlet temperature of
-7C than for the inlet temperature of -1C
during charging process, but there is little
difference in the time with respect to the
change of inlet temperature during dischar-
ging process. The time to reach to the dimen -
sionless thermal storage amount of 1 when
the Reynolds number is 16 was shorter by
30% than that when the Reynolds number is
8 during charging and discharging processes,

The effect of storage materials on the di-
mensionless thermal storage amount is shown
in Fig.10 where the difference between the
inlet temperature and the phase change tem-
perature was approximately 8 C and the Rey-
nolds number was 16. The time to reach to
the dimensionless thermal storage amount of
1 for water was longer by 50% than that for
paraffins during charging process, but that
was differed little during discharging process.

1
Charging
0.8 \
1
0.6
3
0.4 4
Ty | R
2 1 -1 T 16
0.2 3 |7<] 16
3 [<%] &
4 |4AC| 16
.
1]
o 1
Discharging
0.8 4
2
4
0.6 \
0.4 3
\ 1
0.2 2
[
0 20 40 ] 80 100 120 140
Time(min)

Fig.9 Dimensionless thermal storage amount
for the capsules with n-Tetradecane
in the tank w.r.t the experimental

parameters

Charging
FCM

1 weley

2 |n~

3 maxtare

<]
Discharging
[} 20 40 &0 80 100 120 140

Time(min)

Fig.10 Dimensionless thermal storage amount
for the capsules in the tank w.r.t. the
thermal storage material(Tn-Ts=8T,
Re=16)
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The rate of time variation of the dimension-
less thermal storage amount for paraffin was
faster during charging process and slower du-
ring discharging process than that for water.

3.3 Average heat transfer coefficient(ho)

The local heat transfer coefficient between
the capsule and working fluid is difficult to
obtain since the temperature difference bet-
ween the capsule and surrounding fluid was
within £0.15°C. Thus, the average heat tran-
sfer coefficients obtained by :

S / S
ho_ nA-AT (3)

The AT in equation (3) is the temperature
difference between the average surface tem-
perature of capsules at the 1% and ™™ story
and the average working fluid temperature
around capsules at the 1% and 7" story. The
g in equation (3) was obtained by using the
average temperature of working fluid around
the capsules at the 1% and 7™ story and inlet
flow rate of working fluid.

Since the average heat transfer coefficients
were changed with time during sensible heat
period, the average heat transfer coefficients
during phase change period are used for com-
parison. The effects of inlet temperature and
Reynolds number on the average heat tran-
sfer coefficients are shown in Fig.l1 for n-
Tetradecane. The average heat transfer coe-
fficients increased by 10~25% during char-
ging process and by 60~220% during dis-
charging process, when the inlet temperature
was decreased from -1 to -7C. The average
heat transfer coefficients were increased by
30% during charging process and by 70~
250% during discharging process, when the
Reynolds number was increased from 8 to 16.

The effects of inlet temperature and Reynolds
number were larger during discharging pro-
cess than during charging process since the
surface temperature of the capsule was higher
than the inside temperature of the capsule
and it caused natural convection effect during
discharging process.

The effect of storage materials on the ave-
rage heat transfer coefficients is shown in
Fig.12 where the difference between the inlet
temperature and the phase change tempera-
ture is approximately 8C. The average heat
transfer coefficients were larger in the order
of n-Tetradecane, mixture and water during
charging process and in the order of mixture,
n-Tetradecane and water during discharging
process. The average heat transfer coeffici-
ents for n-Tetradecane were smaller than
those for water exceptionally, when the Rey -
nolds number is 8.

300

Charging

200

100
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0
300

—
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Fig.11 Average heat transfer coefficients for
the capsules with n-Tetradecane
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300 r
Charging

100

PCM
—— water
—a— | n-Tetradecane
—— mixture

ho(W/m* K)

300

Discharging

200

Fig.12 Average heat transfer coefficients for
the capsules w.r.t the thermal storage
material(Tn-Ts=8C)

4, Conclusions and Summary

1) Local temperatures inside the capsule
were not constant due to the difference bet-
ween heat removal amount and solidification
energy.

2) Charging and discharging times at the
edge of the storage tank were shorter than
those at the center of the tank due to the
different porosity at the center and edge of
the tank.

3) Charging time for paraffins was shorter
by 11~72% than that for water and dischar-
ging time showed little difference among sto-
rage materials. Water showed long supercoo-
ling time, but paraffins showed short super-
cooling time.

4) The effect of Reynolds number on the
dimensionless thermal storage amount was
smaller than that of inlet temperature during

charging process and it was in the reverse
order during discharging process.

5) The effects of inlet temperature and Rey -
nolds number on the average heat transfer
coefficient during discharging process were
smaller than those during charging process
due to the natural convection effect.

6) The average heat transfer coefficients
were larger in the order of n-Tetradecane,
mixture and water during charging process
and they were larger in the order of mixture,
n-Tetradecane and water during discharging
process. The average heat transfer coefficients
of paraffins were generally larger by 40% ma-
ximum than those of water during charging
and discharging processes.
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