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Experimental Analysis on the Heat Transfer Characteristics
of the Double Pipe Heat Exchanger for Latent Heat Storage
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I. Introduction analyzed experimentally.
It is important for the efficient utilization
of the solar thermal energy to cover the time A, System configuration
gap between the supply and demand. The latent heat storage system for the com-
For this purpose, an efficient heat storage puter simulation and the experiments is
technique, especially high density heat storage shown in Figure 1, which is the double pipe
system is necessary. heat exchanger. The phase change material,
There are serveral methods for heat storage i.e. calcium chloride hexahydrate, is filled
such as sensible heat storage, latent heat in the outside of the inner tube. And water
storage and chemical heat storage. Among flows through the inner tube inside.
them, latent heat storage system has some In this case, the temperatures of water and
advantages that it can store higher density the phase change material vary depending on
heat at constant temperature. time and distance during heat charging and
For the optimal design of the latent heat discharging process.
storage system by using the PCM and effi- It is important for the optimum opera-
cient operation of the system, heat transfer tions and the design of the system, the tem-
characteristics of latent heat storage systems perature variation, the location of the moving
have to be analyzed. boundary interface, the heat storage effi-
Therefore, in this study, the heat transfer ciency and the solidification rate, et cetera,
characteristics of the double pipe heat ex- depending on time during heat charging and
changer for latent heat storage, which is discharging process have to be analyzed.
valuable to the industrial applications, were Therefore, the computer simulation and

LT PRELVES-F 3/ R L
* kU BB UB R



THEEY BAERRES) S HY BRE S

SOLID PCM

INSULATION

/ LIQUID PCM / COPPER TUBE

9. 0_.

COLD WATER INLET

1/////1/ //A]

\/

\_ACRYLE SHELL

Configuration of the double pipe heat exchanger

Fig. 1.

the experiments are performed based on the
heat conduction model during cooling pro-
cess.
The
settning of the governing equation, i.e. energy

computer simulation starts with
equations of the phase change material and
the coolant. And the set of the initial condi-
tions and the boundary conditions, nondi-
mensionalization of the equations, coordinates
transformation, setting of the finite dif-
ference equations by the finite difference
method, solving the coefficients matrix,
calculating the temperature history depending
on time, solidification rate and the heat
storage efficiency by the numerical integral,

et cetera, are performed and calculated(1).

B. Governing equations

In order to set the energy equations which
governs the heat transfer mechanism from the
phase change material to the coolant, the
energy conservation equation has to be
taken within the tube which has the convec-
tion boundary.

After taking the energy balance equation
about the finite control volume in the tube,
the governing equation in the inner tube can

be expressed as follows.
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The governing equations of the phase
change material consisted of two parts of the
liquid phase and the solid phase because
the thermophysical properties of the phase
change material are different at each phase.

The basic equations can be expressed as

follows.
Liquid region:
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The governing equations need the initial

conditions and the boundary conditions for
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the unique solution of the problem. The
initial and the boundary conditions are sum-
marized as follows.

Initial conditions; t=0

Ri<R<Ro : Te=Ti

Z=0 : Tw="Twin, 3Te/dZ=0

R=Ri : Tt="Ti, Ke*(dTy/dR)=
Hw*(T¢ — Tw)

R=Ro : 9Te/dR=0

Z=Zmax : 0Te/0Z=0

Boundary conditions; t > 0

Z=0 : Tw=Twin, 0Ts/0Z=
dT/dZ=0
Z=Zmax : 0Ts/0Z=0TR/0Z=0
R=RO : 3Te/0R=0
R=Ri : Ks*(3Ts/0R)=
Hw*(Tt-Tw) +oeveeene (4)
R=Rm : Ts=Te=Tm
oT aT aTs
Ko * (—* Air + * Az) — Ks * ( * Asr)
oR 0Z oR
oTs dés

-

+ ——*Asz)= pm+Hf * Amr *
0Z dt

II. Experimental equipments, materials and
methods

For the two dimensional analysis of the
double pipe heat exchanger for latent heat
storage, the experimental equipments were
constructed as shown in Figure 2.

The tube is made of copper whose thermal
resistance is low, and its thickness is 1 mm
and outer diameter is 10 mm. The outer
pipe is made of acrylic resin whose thermal
conductivity is similar to that of calcium
chloride hexahydrate and helpful for the
insulation. The dimension of the outer pipe
is taken as the thickness of 3 mm, the outer
diameter of 100 mm and the height of 300

mm, The total volume was 2080 cubic centi-

meter,

The auxiliary container, whose inner dia-
meter is 3 mm, is installed on the upper
part of the shell, which is purposed for the
volume expansion of the phase change mate-
rial during the phase change and checking the
solidification rate. The auxiliary container
may be installed on the side of the shell in
the horizontal shell and tube type (2).

In this case, the temperature of the phase
change material may be failed to be axisym-
metric distribution. '

The density difference between the solid
phase and the liquid phase state causes the
volume expansion during the heat charging
process and this gives stresses to the system
if there were not for the auxiliary container.

The mineral oil, which is lighter than the
phase change material and not reacted with it,
is filled in the auxiliary container and there-

fore forms free surface.

The solidification rate can be calculated
by checking the height of the mineral oil.
A drain cock is installed at the bottom of the
outer pipe. The outside of the container is
efficiently insulated by the insulation material
(Toilon).

The temperature measurement system is
consisted of E-type thermocouple and the
reader.

The phase change material for the experi-
ments is calcium chloride hexahydrate which
is imported from Switzland. It is regent
grade and the melting point is 28°C. The
thermophysical properties were studied at the
former part of this paper. The density of the
solid phase is 1415 kg/m3 and that of the li-
quid phase is 1680 kg/ma, which are measur-
ed. The weight and the volume of the phase

change material are measured accurately for
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Fig. 2. Schematic diagram of the experimental apparatus

the density.

The mineral oil, which is lighter than the
ligquid state of PCM and not reacted with the
phase change material, is used for the com-
pensation of the air hole which would be
arised in the solid state.

Although the specific heat and the latent
heat capacity may be measured by the energy
conservation law, most of the properties are
referred to the reference(3) because the ma-
terial is regent grade.

The experiment is started with melting
the phase change material at 37°C which is
higher than the melting point.

The liquid material is poured cautiously
in the PCM container.

The fine straw has to be used for the air
ventilating because the container system is a
closed system without the entrance of the
auxiliary mineral oil container.

In a few minutes for the temperature
regulation, the coolant is supplied through

the inner tube from the constant temperature
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bath. The temperature of the coolant is 7°C,
which is produced in the water bath.

By releasing the valve, the coolant flows
through the inner tube from the lower part to
the upper part of the tube. The direction of
the flow has to be considered because the
solidification from the the lower part can give
the free surface on the upper part of the tube.
The solidification from the upper part may
arise the vacuum in the PCM container be-
cause the center of the system would be
empty by the volume depression caused by
the density difference between the solid and
the liquid phase.

Also the water flow direction of the heat
charging process has to be from the upper

part to the lower part of the tube.

If the phase change material were liquified
from the lower part of the tube, the volume
expansion from the density change with the
phase change would give the stresses to the
system.

From the instant of the valve releasing,
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the temperature of the phase change material,
the coolant and the height of the mineral oil
in the auxiliary container were measured at
every five minutes.

of the theoretical

. Comparison predic-

tions and the experimental results

The experiment was performed to find
the heat transfer characteristics of the latent
heat storage system during heat discharging
process and for the validation of the theoreti-
The

first validation can be done by the tempera-

cal model and the numerical analysis.

ture history of the phase change material,
ie. calcium chloride hexahydrate. The tem-
perature histories of the four points in the

phase change material are shown in Figure 3.

The experimental results and the theore-
tical predictions were conformable.
The chi-square test showed that of the
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experimental data were well agreed with the
theoretical data at the 0.05 level of signifi-
cance.

The effects of the latent heat capacity
were more clearly seen at long distance from
the inner tube wall, The duration of the
latent heat discharging period was about two
hours at the C point.

The second validation was done by the
solidification rate of the PCM depending on
time.

As shown in Figure 4, the solidification
rate of the experiment was well agreed with
that of the theoretical analysis.

Therefore, the theoretical model and the
numerical analysis for the double pipe heat
exchanger for the latent heat storage are

reasonable.

IV. Results and discussion

On the experiments, after being supplied
of the cooling water, there is a delay of two
minutes before any solidification of PCM is
observed.

Following this delay, the initial solidifica-
tion occurs very rapidly from the lower part
of the copper tube.

The shape of the solidification front is the
same as dendrite phenomenon. According
to Lou(4), Glauber salt without the thicken-
ing agent crystallizes from a supersaturated
solution as color-less, long, needle-shaped,
monoclinic crystals which may be 2 cm or
more in length.

In contrast to the mixtures without
thickening agents the large monoclinic crystals
on longer observed, but are replaced by a
more homogeneous solidification in the thick-
ened mixture.

In this experiments, there are not thicken-
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ing agents in calcium chloride hexahydrate
because they are regent grade and supercool-
ing or phase separation is not observed. The
length of dendrite may be 5 mm and less with
time. Meanwhile Saito (5) analyzed the one
dimensional heat conduction by modelling
the solidification process as three types of
region of solid phase, region of liquid and re-
gion of partial solidification which is den-
drite region. In this study, regardless of the
consideration of the dendrite region, the
theoretical results is well agreed with the ex-
perimental results.

Solidification rate as function of time is an
important index of the latent heat utilization.
As shown in Figure 5, solidification rate in-
creases nearly contantly and reaches approxi-
mately 70 % in 8 hours. Therefore, this
system may be modified for the more effi-

cient utilization of the latent heat.
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= === SOLIDIFICATION RATE
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Solidification and heat discharging rate as
function of time

Fig. 5.

Heat discharging rate is increasing very
rapidly at the beginning of discharging process
This

is the reason why the discharged sensible

and then slow down within one hour.

heat is big at the beginning and becomes near-
ly unchangeable at the amount of 75 kJ
as shown in Figure 6.

Contrary to this, the amount of the latent
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Fig. 6. Amount of discharged heat as function of
time on the experiments on two dimension-
al analysis

heat grows continuously with time. The dis-

charging heat is consisted in mainly latent

heat in approximately half hours.

Therefore, the role of the sensible heat is
not heavy comparative to that of the latent
heat for the latent heat storage system.

Also

temperature of PCM is near the melting point.

it is recommended that the initial
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Water temperature varies linearly from the
entrance of the inner tube to the outlet of the
inner tube as shown in Figure 7.

Depending on time, the outlet temperature
fall down rapidly at the beginning of the
discharging process. Within an hour, the out-
let temperature approaches near the inlet

one.

Therefore, if coolant, i.e., water or air is
used for the domestic purpose or air heating
system, the system dimensions or operating
conditions have to be changed for the higher
outlet temperature. For example, the length
of the system, the initial temperature of PCM
or mass flow rate, et cetera, may be consider-
ed. Their effects will be studied at the next
chapter.

Location of the moving interface is shown

in Figure 8.

Its progress speed decreases with time.

The interface is slightly declined along the
tube axis at beginning of the discharging
process. The declination of the interface

become nearly zero within about an hour.

V. Concluding remarks

For the optimal design of the latent heat
storage system and efficient operation of the
system, the heat transfer characteristics of
the latent heat storage system have to be
analyzed.

In this study, the heat discharging charac-
teristics of the double pipe heat exchanger
were analyzed experimentally. The results
can be summarized as follows.

1. The statistical analysis showed that
the theoretical and the experimental results
of the volume change rate and the tempera-

ture variations were well agreed.
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2. In experiments, solidification process
speed nearly constant depending on time and
solidification rate reached approximately
70 % in eight hours.

Heat dischanging rate was less than the
solidification rate in general.

The

at the beginning of the heat discharging pro-

discharged sensible heat was great

cess and became nearly unchangeable at the
amount of 75k]. Contrary to this, the dis-
charged latent heat grew continuously with
time.

The initial temperature was recommended
to be near the melting point because the
contribution of sensible heat to total dis-

chaged heat was very small comparatively to

the latent heat.

Water temperature was varied linearly

from the entrance to the outlet of the inner
tube. And the water outlet temperature fell
down rapidly at the beginning of the heat
discharging process.

The outlet temperature becomes 7.7°C
in 10 minutes of cooling process.

If the water were used for domestic pur-
pose or air conditioning systems, the system
dimensions or operating conditions have to
be modified for the higher outlet temperature.
The shape of the moving interface was nearly
linear.

The analysis of the effect of the parameters

and the variables must be left to a later date,

NOMENCLATURE

1. English letters
Atr, Az, Amr, Asr, Asz: Area of the infini-

tesimal control volume

Cp:  Specific heat
Hf: Latent heat capacity

Hw: Convection heat transfer coefficient
K: Thermal conductivity

R: Radius

Ri: Inner radius of the innci tube

Ro: Inner radius of the outer pipe

t Time

T Temperature of PCM

u: Water velocity

z Axial coordinate

: Length of the double pipe heat

exchanger

2. Greek letters
8s: Distance of moving interface from the
outer diameter of tube

p: Density

3. Subscript

i refers to initial or inner
0: refers to liquid

m: refers to melting

o: refers to outer

s: refers to solid

t: refers to the inner tube
w: refers to water

win: refers to water inlet
REFERENCES

1. Kim, Y.B. and H.K. Song, Two Dimension-
al Analysis on the Double Pipe Heat Ex-
changer for Latent Heat Storage, Research
Reports of Institute of Thermal Energy
for Rural Areas, Vol. 4, No. 1 (1988).

2. Sasaguchi, K., et al.,, 71+ 5 . 7#E AL
1B o st
JSME(B), Vol. 52, No. 473(1986).

$. Yanadori, M., et al, Heat Transferential
Study on a Heat Storage Container with



WA ERMEEE F14%E F15E 1989F 37

Phase Change Material, Solar Energy, Vol. 5. Saito, A., et al,, A Study on Heat Condu-
36, No. 2, pp. 169-177 (1985). tion with Supercooling solidification,

4, Lou, D.Y.S., Solidification process in a Trans. of the JSME(B), Vol. 47, No. 420,
Glauber Salt Mixture, Solar Energy, Vol. pp.15685-1642 (1981).

30, No. 2, pp. 115-121 (1983).

3 28 X 3

£ & B H:195%H 78 138

g O K SHARRK BHAR RTRH

mE RN g BREL

BABE AR MEARK AR

BUIBERRA ;19884F 28 25H

B I % X EVE TF HER SIXIHE Aol RS MR

_32_




