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ABSTRACT

The influence of the mass flow rate and the
driving temperature difference on input/output rate ,the
total time and the storage capacities during charging
and discharging of the latent cold store for different
initial and boundary conditions was 1nVestlgated The
latent store iras filled with caprilic acid (m.p=15.5 C\
At given time the charging and discharging rate, and the
storage capacity are higher for higher mass flow rate.
The total storage capacity is a function of the tempera-
ture swing experienced during charging and discharging.
The experimental data are in good agreement with the
calculations,within £ 10% if the heat loss/gain is
accounted for.A good agreement was obtained, when the
experimental heat capacity values in dimensionless form
were compared with the theoretical data according to
Steiner (4] for charging and discharging.

INTRODUCTION

The basic characteristics of all latent heat/cold stores
are the addition of energy during cnarging and release of
energy during discharging.The latent heat/cold energy storage
concept has the primary advantage of performing the storage
function at nearly constant temperature and large storage
capacity.

Charging and discharging of latent heat/cold storage

systems are transient phenomena which are influenced by design
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of heat exchanger,iype and geometry of the storage material,
initial and boundary conditions, etec.

Analytical and numerical solutions of mathematical
models describing the charging and discharging of latent heat

storage systems have been made [1-3].These methods reguire

detailed information of the thermophysical properties of the

phase change material (PCH).

For simulation of latent heat/cold stores a black-box-
approach is used and assessment of the store behaviocur is
based on the actual time-dependent storage capacity [4]. The
work described here is confined to the evaluation of the time
dependent heat storage capacity of the finned annulus test
model filled with a PCM for cooling applications. The
iafluenca uof mass flow rate (m) and the driving temperaturs
difference (ATp) on the input/output rates ,the total time
and the storage capacity as function of time during charging
and discharging for different initial and boundary conditions
were investigated.A mathematical function with twe fitting
parameters is used to describe the dimensionless storage

capacity of the considered thermal store.

THE TEST HODEL
The test model is an axially finned annulus tube, made
of aluminum (length=100 mm,outer tube diameter=110 mm,12 fins
with fin thickness 2mm) filled with caprilic acid (0.75 kg in

weight). The flow rate of the circulat.ing fluid was measured
using a flewwmeter type Krohne G 19.18. The flowmeter was

calibrated, to give the mass flow rate in kg/h at any required
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temperature of the fluid, with an error of * 0.5 kg/h. The
temperature rise or fall (Tin—th) experienced by the
circulating heat transfer fluid was measured using a Servogor
320-2-Channel continuous strip chart recorder. The test runs
were carried out using the calorimeter mounted on the inner
tube ,and the calorimeter mounted on the outer tube.Figure (1)
shows a photograph of the test assembly, while Figure (2)
represents a schematic diagram showing the test model and the
other instrumentations used in the test. NMore details on the
dimensions and instrumentation of this test model are given in
{1,57.
BATHEMATICAL MODEL

The driving temperature difference ATPis defined as the
temperature difference between the inlet temperature of the
circulating fluid Tin and the melting or freezing point Tr The
heat flow rates during charging(Qc)and discharging(Qd)are given

as follow:

Q) =R C(T =T (D)

and
Qd(t) =m Cp( Tin_ Tout) (2)

where m is the mass flow rate of the heat transfer fluid, Cp
is its specific heat,Tm and Tmt are the inlet and outlet
vemperature respectively.

The heat storage capacity can be obtained by integrating
equations (1) and (2) with respect to time,and taking the heat

losses into account.Then for charging,the storage capacity Cc
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is given by (4],

r t
. . 3
C.(t) =+ [ O.(e)de ¢ [ G, (e)dt (3)
£ =0 t om0
and for discharging the capacity Cd is given by
(4)

4 t
Calt) = Guum [ Galtdde & [ G, 4(e)de
Lg=0 ty=0

where Cn is the initial storage capacity at tc=0 (before
charging) which is equal to the final storage capacity at td
=Ty (at the end of discharging),and C&u is the final storage
capacity at the end of charging,i.e at tc =T, and it is equal
to the initial storage capacity at td=0 .

In cquations (3) and 4) QLJ and QLA are the heat loss
rates during charging and discharging respectively, and the +
signs have to be used for Tstore > Tanhient' ‘

The experimental values of heat flow rate Q,heat losses,
and the heat capacity C for all the charging and discharging
runs were assessed using the IKE computer programs which are
based on the previous equations[é6].

A modified exponential function based on the kinetics cof
phase change ,was derived{4}]:

C, () = [ 1- exp {-N.(t)}1/[ 1- exp(-|)]  (5)
for charging and,
C,(t) = 1 - [C,(t)] (6)
for discharging.In equations (5) and (6) C’ is the

dimensionless storage capacity = C(t)/Cm , t‘ is the
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adimensionless time = t/’rtut and Thot is the charging/discharging
time. The exponents M and N depend on the latent heat storage
system design and type, the phase change material and
operation conditions. They are fitting parameters defined in
the range 0 < M <1, N » 0,

The data obtained for charging and discharging at
different operational conditions are analyzed and then fitted
to equations (5) and (6) using the IKE computer program

developed for such analysis [6].
RESULT AND DISCUSSION

1. The heat transfer rate

The charging and discharging rates obtained only for
convective boundary condition.In this case the rate of heat
transfer is time dependent and is essentially governed by the
mass £low rate (m) and the driving temperature difference ATF
The heat transfer coefficient between the circulating fluid
and the thermal store, is a function of the mass flow rate.
The heat transfer rate during all the test runs were computed
using the equations (1) and (2). Figures (3) and (4) represent
the influence of the mass flow rate on the charging (freezing)
and discharging (melting) rates using the outer tube
calorimeter for constant value of ATP. At the beginning of
charging or discharging a higher rate of heat transfer was
obtained for higher mass flow.This is due to the improvement
of the heat transfer coefficient at the outer tube wall of the
test model at higher flow velocities. With increasing time,

the higher mass flow result in faster cooling/heating of PCM
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and the charging/discharging process is completed in shorter
time. For the same boundary conditions the heat transfer rates
during melting are higher than during freezing due to the
buoyancy forces and the convection effects in the test model
during melting {8].

Figures (5) and (6) show the influence of ATP on the
discharging rate using the outer and the inner tube calori-
meter respectively at constant value of m. Three runs were
carried out using each calorimeter at three different values
of ATP, viz. 10, 15 and 20 K. The discharging rates are higher
for higher ATP values. Using the outer tube calorimeter the
discharging rates (fig.5) were higher than when using the
inner tube calorimeter, that is due to the relatively larger

neat transfer area of the outer tube.

2.The total charging and discharging times

The charging and discharging runs started from a steady
state where the temperature in the test model was kept at
constant value (the initial temperature). At the end of the
run and after reaching a steady state, the total charging or
discharging time T, was measured.

tet
Figure (7) shows the relation between ATP and the T

using the inner tube calorimeter of two constant values of Ege
mass flow rate of 4.3 kg/h and 9 kg/h. The initial temperature
of the store was 30°C.The total charging time decreases with
increasing ATP.

Figure (8) represents the effect orf the mass flow rate
(m) on the total charging time v , for different values of

1ot
AT?, using the ouv=ier tube calorimeter.The total charging time
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is indirectly proportional to the mass flow rate.

3.The charging and discharging capacities

Figure (9) represents the dependence of the charging
capacity on time for three charging runs, performed for three
different values of mass flow rate(4.3 kg/h,9.4 kg/h,19.4
kg/h). The initial heat store temperature was 35'c, At any
given time, the charging capacity is higher for higher mass
flow rates which results in higher rate of charging and
consequently a higher capacity. The storage capacity is a
function of the temperature swing (AT%i T}muu— Tﬂmt)
experienced during charging process, which is constant (about
40 K) for the three runs. The end capacities are therefore
nearly the same, within * 10 % if the heat losses are
accounted for.

Figure (10) represents the variation of the discharging
capacity with time for three discharging runs, carried out at
different values of the mass flow rate (9.6 kg/h,19.9 kg/h,
38.7 kg/h). The initial heat store temperature was - 5 c. The
higher discharging capacity is associated with higher mass
flow rates, The total capaciiy at the end of all the dischar-
ging runs is nearly the same if the heat losses or gains are
considered (depending on the temperature level within the heat
store at any time during the charging process) . It agrees
with the maximum charging capacity,see fig.(9), within the
heat loss limits. Also it is noticed that the maximum heat
storage capacity for charging and discharging is attained a
longer time in case of lower rate

Figure (11) shows the rela‘.ions between the discharging
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capacity and time of three discharging runs performed at three
driving temperature difference (ATP)' The initial heat store
temperature was - 5°%C. The discharging capacity at any given
time is higher for higher values of ATP. This result is in
close agreement with the theory (where the heat storage
capacity is a function of the temperature swing experienced).

Figure (12) represents the heat storage capacity
(theoretically estimated as well as experimentally determined)
as a function of the temperature swing experienced during
charging and discharging. The experimental data are in good
agreement with the calculations.The latent heat capacity of
storage medium in the test model was found to be 112 kj for
0.75 kg caprilic acid, which gives the value of 14%.3kj/kg for
latent heat of fusior of this material. The value obtained is

in close agreement with the measured using the DSC [7].

4.Dimensionless storage capacity

Figures (13) and (14) represent comparison between the
experimental and the theoretical dimensionless storage
gapacity Cl and the dimensionless {ime t* during charging and
discharging runs from the inner and outer tube calorimeter
respectively.

In fig.(13) the experimental results are in good
agreement with the theoretical results from equations (5) and
(6), where the fitting parameters M and N are adjusted to 0.75
and 0.15 for charging and 0.78 and 1.08 for discharging
respectively.

In fig.(14) the experimental results are also in good

agreement with the theoretical data cbtained from equations
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(5) and (6), where the fitting parameters M and N were
adjusted to 1 and 2.43 for charging and 1 and 2.55 for

discharging respectively.

CONCLUSION

With the laboratory finned annulus test model filled
witlh caprilic acid ( mp = 15.5%2) as latent cold storage
wilerial, the charging and discharging capacities (included
the thermal loss/gain) were cexperimentally investigated and
then caiculated uvsing the [KE simulation program [6]. The
influence of the mass flow rate (m) of the circulating heat
transter fluid and tne driving temperatiuze differsnce ( ATQ
on heat transfer rate, the total time and the storage capacity
was studied during charging and discharging at different
initial and boundary conditions. The charging capacity is
higher for higher mass flow rate. It was found that for a
temperature swing of 40 K (AT1{= 40 K) the test model can
store about 250 kj. From the charging and discharging runs
carried out for different temperature swings from 20 - 50 K,a
value of 149.3 kj/kg for the latent heat of fusion of caprilic
acid was obtained from the storage capacity,this is in close
agreement with the value measured (150.4 kj/kg> using the DSC
tor caprilic acid [é].

A good agreement was maximum deviation of * 0.5%
obtained, when the experimental capacity values in
dimensicnless form were compared with the theoretical data

according to Steiner et al. [4]) for charging and discharging.
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Fig. 1 Pholograph of test assembly
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