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ABSTRACT

This paper deals with experimental research to increase thermal storage efficiency of
hot water stored in an actual storage tank for solar application. The effect of increased
energy input rate due to stratification has been discussed and illustrated through ex-

perimental data, which was taken by changing dynamic and geometric parameters.
Ranges of the parameters were defined for flow rate, the ratio of diameter to height of
the tank and inlet—exit water temperature difference. During the heat storage, when the
flow was lower, the temperature difference was larger and the ratio of diameter to
height of the tank was higher, the momentum exchange decreased. As for this experi-
ment, when the flow rate was 8 liter/min, the temperature difference was 30C and
the ratio of diameter to height of the tank was 3, the momentum exchange was mini-
mized resulting in a good thermocline and a stable stratification. In the case of using
inlet ports, if the modified Richardson number was less than 0.004, full mixing occured
and so unstable stratification occured, which mean that this could not be recommended
as storage through thermal stratification. Using a distributor was better than using inlet
ports to form a sharp thermocline and to enhance the stratification. It was possible to
get storage efficiency of 95% by using the distributor, which was higher than a storage
efficiency of 85% obtained by using inlet ports in same operation condition. Furth-

ermore, if the distributor was manufactured so that the mainpipe decreases in diameter

toward the dead end to maintain constant static pressure, it might be predicted that

further stable stratification and higher storage efficiency are obtainable(ie:more than
95%).

INTRODUCTION

Energy storage is employed in a solar ther-
mal energy system to shift excess energy pro-
duced during times of high solar availability to
times of low solar availability. Storage can also
be used to provide energy during events such
as cloudy days. Thermal enerqgy may be stored
as sensible heat or latent heat.” Sensible heat
storage of thermal energy is perhaps, concep-
tually, the simplest form of storing thermal
energy.” In many analyses, the temperature of
the storage has been assumed to be uniform af-
ter storage, but in real situations liquid temper-
ature in the tank will not be uniform after stor-
age, especially in the vertical dimension. The
warmer, lighter liquid is stored on top of the
colder, heavier liquid resulting in thermal strati-

4

fication. In practice, perfect stratification is not
possible since the water entering the tank will
cause a certain amount of agitation and mixing.
Having obtained good thermal stratification by
eliminating mixing, it is equally important to
maintain the temperature layers®.

Many thermal storage devices consist simply
of a tank of water which is assumed to be
mixed. However, there are definite advantages
to operating the storage in a stratified mode,
with the hot water separated from the cold
water®”. The separation of the fluid may be
accomplished by the use of simply a single
tank operated to allow stratification to occur
due to buoyant forces. The problem of thermal
stratification in solar energy storage systems has
been considered by several investigators. For
eXample, Davis and Barera® observed from ex-
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periments that improvement in the performa-
nce of solar water heating systems due to stra-

tification is of the order of 10 percent. Sharp
and Loehrke® conducted detailed investigations

of the system performance when stratified wa-
ter storage is employed. Recently, Pak and

Cho conducted an experiment involving flow
| analysis of buoyant jets into a storage tank
through variable nozzles'” and Pak, Hwang and
Choi also conducted an experimental study of
the thermal storage efficiency through variable
porous manifolds in a test storage tank“’.

The purpose of this investigation was to ex-
perimentally determine what conditions pro-
duce optimum stratification dufmg charging in
thermal storage using water as a storage media.
The investigation included a large number of

parameters, such as inlet condition, mass flow -

rate, tank height to diameter ratio, and inlet—exit
water temperature difference. Finally, it was in-
tended to increase thermal storage efficiency of
hot water stored in an actual size storage tank
by stratification enhancement.

EXPERIMENTAL APPARATUS

The experimental apparatus consisted a
charging loop, an experimental tank, inter-
changeable inlets and distributor, and an outlet
kept stationary at the bottom of the tank. A
data gathering system was involved in the
apparatus. A schematic diagram of the ex-
perimental apparatus is shown in Fig. 1.

Experimental Tank

The experimental tank is cylinderical,
1680mm tall and 516mm in diameter(HD=3
in this case). The tank, containing 350 liters of
water, is made of transparent fiberglass in order
to enable picture taking and is insulated with
100mm of batt insulator. It was possible to in-

B kol 1 X] (Solar Energy] Vol. 10, No. 3, 1990

terchange inlet and distributor inlet position_ on
3, 2 and 1 of tank height to diameter
ratio(H/D).

Inlet Port and Distributor

Tank inlet(including distributor) . and outlet
position are also shown Fig. 1. The inlets were
constructed of 20mm straight fiberglass tube
with 2mm thickness and screwed into the inlet
port. The distributor perforated with the same
diameter holes was also constructed of the
same material and diameter as the inlet tubes
and the total area of perforation to cross sec-
tion area of the distributor was 2(a =A,/A;
= 2).

Charging Loop

The charging loop consisted of a pump, a hot
water subply device, a heater and an exit port.
The hot water supply device was used to in-
sure a constant supply temperature of hot wa-
ter and the exit port to insure a constant flow.
The maximum flow rate in the charging loop
was 12 liter/min. which corresponds to a “tur-

nover’ time(total tank fluid mass divided by

charging loop flow- rate) of 29 minutes for the
experimental system.

Data Gathering System

The data gathering system consisted of
temperature sensor of thermocouple probe,
flow sensor of flow meter, a manometer and a
Hybride Recorder for temperature recording.
The inlet temperature, outlet temperature and
vertical temperature profile were measured us-
ing T—type thermocouples. The vertical temper-
ature profile was taken with 26 probes for the
case of HD=3, 25 probes for HD=2 and 21
probes for HD=1 in a 10mm diameter poly-
carbonate tube located along the centerline of
the tank. [t was assumed that the wvertical
temperature profile was one dimensional. The
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accuracy of the temperature measurement was
+0.05C. The flow measurements were made
using a Rotameter with an accuracy of 0.5% of
measurement. The pressure measurements at
the inlets were made using a manometer with
Carbon—tetrochioride(CCl,).

EXPERIMENTAL PROCEDURE

The following is a brief description of the ex-
perimental procedure performed:

1. Water was heated in the hot water supply
device to the temperature wanted for the
experiment.

2. Fresh water of 20'C was supplied into the
experimental tank to a level 3 c¢cm higher
than the inlet port and 7-8 minutes was
allowed to pass for the fresh water supplied
to become stable and steady.

3. The bypass valve was opened in order to
remove bubbles generated from the hot wa-
ter supply device.

4. The bypass valve was closed after removing
all bubbles generated and the flow meter
was set to charge the working fluid into the
test tank.

5. The inflow valve was opened after operating’
the Hybrid Recorder and the working fluid
was charged into the test tank. The temper-
ature of the water in the test tank at inter-
vals of 3 minutes for H/D=3 and 2
minutes for H/D=2 and 1 were then re-
corded.

6. The range of flow rate was defined to be
8,10, 12liter/min. in three steps and inlet—
exit water temperature differences were de-
fined to be 20, 25, 30T respectively for
each flow rate.

7. The above procedure was repeated(item
1-7) for inlet port(without distrbutor) and for
distributor using the test tank of H/D=1, 2,
3. .

8. Pictures were taken using a food dye to
analyze initial mixing phenomena and to
compare the results of temperature profiles.
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1. Automatic Voltage Regulator 7. Pump Speed Controller  13. Testing Tank
2. Hybrid Recorder 8. Temp. Controller 14. Distributor
3. Hot Water Supply Device 9. Flowmeter 15. Acril Bar
4. Temp. Controller and Heater 10. Bypass Valve 16. Thermocoupie Probe
5. High-Temp. Bath 11. Main Valve 17. Exit Port
6. Pump 12. Manometer

Fig.1 Schematic diagram of experimental apparatus
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RESULTS AND DISCUSSION

Stratification through Temperature
Profiles

The temperature profiles of each experiment
were plotted in the form shown in Fig. 2, Each
line represents a different point in time. The
lines are plotted from =0 until the end of the
experiment. One of the most striking features of

these graphs is the nearly parallel temperature

profiles in case of using the distributor(see Fig.
5). From the graphs it can be observed that
there is a region of nearly constant temperature
gradient which moves down the tank as the

tank is charged. This is the boundary or ther-
mocline region. |
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Fig.2 Temperature profile in test tank(Inlet port-
~without Distributor(&T=20C, H/D=3,
Q=8 LPM, unit of time(t): minute)

When using only inlet ports(without distribu-
tor) for the heat storage, momentum exchange
has increased in case of the larger flow rate,
the lower inlet—exit water temperature differ-
ence and the smaller ratio of diameter to height
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Fig.3 Temperature profile in test tank(Inlet port-
—without Distributor{AT=20C, H/D=3,
Q=12 LPM, unit of time(t): minute)
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Fig.4 Temperature profile in test tank(Inlet port-
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Q=8 LPM, unit of time(t): minute)
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of the tank as indicated in the figures.
Especially, when the flow rate was 8liter/min.,
the inlet—exit water temperature difference was
30C and the ratio of diameter to height of the
tank was 3, the momentum exchange was
minimized(see Fig. 3 and 4).

In the same operation condition, using the
distributor was better than using the inlet ports
only to form the stratification. Also, in the case
of 8liter/min, flow rate, 30C inlet—exit water

temperature difference and 3 as the ratio of di-

ameter to height of the tank, the stratification
enhancement took place. It was also observed
that the momentum exchange was minimized
stratification
place(see Fig. 5).

when the enhancement took
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Fig.5 Temperature profile in test tank(with Dis-
tributor)(AT=30TC, H/D=3, Q=8 LPM,
unit of time(t): minute)

Degree of stratification of the thermal storage
is characterized by the magnitude of the
temperature gradient in the boundary region.
The magnitude of the gradient was observed to

8

be a function of the Richardson Number. It was
observed that the depth H', at which this
boundary region first occurred in the tank
varied from experiment to experiment and
correlated well with the modified Richardson
Number defined as:

_g B Aalh

An example of the wvariation of H with
Richardson Number can be seen by comparing
Figures. The relationship between H/H and the
modified Richardson Number is shown in Fig.
6.
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Fig.6 H*/H as function of Richardson number

It is important to note that the sharp out off
in the graph is not at the point where the tank
becomes fully mixed but only at the point
where the tank nd longer stratifies at the inlet.
The point of complete mixing(i.e. H/H=1) cor-
responds to a Richardson Number of around
0.004. |
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Thermocline Energy Storage

The ‘ultimate reduction in storage tank
volume is achieved when the storage tank
volume equals the storage fluid volume. An
attempt to achieve this represent a thermocline
system in which both the hot and cold storage
fluids occupy the same tank? Accordingly,

thermocline energy storage system have re-
ceived much attention because of their poten-

tial for low cost resulting from minimized tank-
age volume as mentioned above.

As can be seen in the above figures, when
the flow rate was 8liter/min. the inletexit water
temperature difference was 30C and the rate
of diameter to height of the tank was 3, a
sharp thermocline could be formed and the
mixing of the hot and cold water layers was
small. In comparing using the inlet ports(with-
out distributor) with using a distributor, it could
be seen that usihg the distributor resulted in a
more sharply stable thermocline and a higher
temperature of water in the tank than using in-
let ports(see Fig. 7).
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Flg 7 Temperature variation with height in the
tank at 9 min, from charging for H/D=
3, Q=8, AT=30TC
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Effect of Stratification on Charging the

Storage
Stratification of the thermal storage results in
an increased rate of energy input. The equation
for energy content as a function of time of a
perfectly mixed tank with constant temperature
input and constant mass flowrate is :
E=M; C, AT —e M/Mm (1)
The equation for the energy content of a
perfectly stratified
temperature input and constant flowrate is :
E=M, C, AT ¢ (2)
Equation 1 and 2 can be non—dimensionali-

storage, with constant

zed since storage efficiency is defined as the
ratio of theoretical total energy to be stored to
actual energy stored in the tank, so that for the
perfectly mixed tank -

M, C, AT {1~ M/ M |
MS Cp‘ AT

=1l-e* (3)

T o=

and for the perfectly stratified tank:

M, C, ATt
T =M. C, AT )
where t*=t/ M, / M;

Fig. 8 illustrates the charging rate of a per-
fectly mixed and perfectly stratified storage and
the results of an actual stratified storage com-
paring the theoretical curve with experimental
data.

As can be seen from Fig. 8, it is possible to
increase storage efficiency to 95% by using the
distributor in case of Q=8liter/min., AT=30C
and H/D=3. |

It is also possible to get storage efficiency of
84% by using the inlet ports in the same oper-
ational conditions of geometric and dynamic
parameters(Q, AT, H/D) as were applied 95%

‘storage efficiency was obtained. Therefore,
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when the distributor was used, storage efficie-
ncy has increased by 11% to 95%.

l
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Q // X (Q=8 LPM, AT=30C, H/ D=3) ,
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Fig.8 Effect of charging time on tank storage

Pressure Profiles on the Distributor

The hot water flow through the main pipe is
distributed to a number of perforations. It is

necessary for the flow to be the same(velocity

and pressure) from all perforations in order to
enhance stratification. The difference between
the absolute static pressure of point 1 and 2 in
~ the main pipe of Fig. 9 can be generalized to
yield the pressure change in the main pipe be-
tween the 1 and i~1 perforations : |

| 1 1
Pi_Pi—l :‘_2_ 0 Uzi K‘__Z_ P (Uiz_Uzi—l )
1 fi_.l- e 1-1
+7(O U2i‘1 D 1
+Pg(Zi1—Z) (9)

Equation 5 can be expressed in differential

form as

10

dp 1 dU U |
a2t dx+2p D (6)

x is the distance from the dead end of the

distributor. The gravity term and the loss across
the perforation junction have been neglected.
Since the flow area is proportional to the dia-
meter squared, A & DF, equation 6 becomes:

dp UL AL 43("2 dD
dx 2 P( )y [DL dx

2x° 1 ¥
#LB D L:z] (7)

This equation describes the static pressure
gradient in incompressible fluid flow in a distri-
butor with uniform flow. In this experiment,

since the diameter of the distributor was uni-+ -

form, A=D=constant, dD/dx=0. Equation 7
can be easily integrated to vield the static
pressure along the main pipe . o

L x.'}
=p =1 8

[T L /

UL ]"L‘{ / |
| i+2 i4+1 ¢ 2 1 0 V/

V2272000800800 0AM

' N T N R A A
| . -
Fig.9 Co- ordmates of the Distributor

-Fig. 10 is actual pressure distribution within

the distributor in the experiment using f=0.08
and P; measured by manometer.

It is necessary to achieve uniform perforation
flow in the distributor in order to get fully per-
fect stratification in interface between hot and
cold water in the tank. There are three
methods of achieving equal flow through iden-
tical perforations can also be nearly equal if the
area of the main pipe(distributor) varies so that
the static pressure is constant along the main

pipe.
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Fig.lO' Pressure distribution within distributor

Setting dp/dx=0 in equation 7 results in the
following differential equation which describes
the main pipe diameter as a function of dis-
tance from the dead end of the perforation :
diD D f |
d&x 2x 4 (9)

The differential equation was solved for the
hydraulic diameter D as a function of x, The
result is given as follows :

D  «x s 1. _ fx
D, (L) U+5p ) —3p;

If the distributor is manufactured in accord-

(10)

‘ance with the above equation, it might be pre-
dicted that further stable stratification and high-
er storage efficiency are obtainable.

CONCLUSION

During the heat storage, when the flow was
lower, the temperature difference was larger
and the ratio of diameter to height of the tank
was higher, the momentum exchange de-
creased. As for this experiment, when the flow

rate was 8liter/ min, the temperature difference
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was 30C and the ratio of diameter to height of
the tank was 3, the momentum exchange was
minimized resulting in a good thermocline and
a stable stratification. In the case of using inlet
ports, if the modified Richardson number was
less than 0.004, full mixing occured and so un-
stable stratification occured, which mean that
this could not be recommended as storage
through thermal stratification. Using a distributor
was befter than using inlet ports to form a
sharp thermocline and to enhance the stratifica-
tion. It was possible to get storage efficiency of
95% by using the distributor, which was higher
than a storage efficiency of 85% obtained by
using inlet ports in same operation condition,
Furthermore, if the distributor was manufac-
tured so that the mainpipe decreases in dia-
meter toward the dead end to maintain con-
stant static pressure, it might be predicted that
further stable stratification and ‘higher storage
efficiency are obtainable(le:more than 95%).
The differential equation was solved for the
hydraulic diameter as a function of distance
from the dead end to obtain equal flow each
perforation.

NOMENCLATURE

A,=Total perforation area of distribution, mm?®

A;=Cross section area of distribution, mm?

C,=Specific heat at constant pressure,

KdJ/Ku K |
D=Diameter of the tank, mm
D=Diameter of the distributor, mm
E=_Storage energy, J

f=Friction factor |

g=Acceleration of gravity, 981 cm/ec?

H=Height of the tank, mm

K=Velocity coefficient |

h= Vertical length between the inlet position
and outlet position, mm

L=Length of the distributor, mm

11
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|=Length between the holes of distributor, mm

M=Flow rate, £/min

p=Pressure, Kgf/cm?

R; =Richardson number

Q=Sensible heat, J

T, =Temperature of the inflow water, C
T, =Temperature of stored water, C
t=Charging time, min

U=Velocity, cm/sec
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ABSTRACT

This paper deals with experimental research to increase thermal storage efficiency of hot water
stored in an actual storage tank for solar application. The effect of increased energy input rate due to
stratification has been discussed and illustrated through experimental data, which was taken by
changing dynamic and geometric parameters. Ranges of the parameters were defined for flow rate,
‘the ratio of diameter to h'eight of the tank and inlet—exit water temperature difference. During the
heat storage, when the flow was lower, the temperature difference was larger and the ratio of dia-
meter to height of the tank was higher, the mementum exchange decreased. As for this experiment,
when the flow rate was 8 liter/ min, the temperature difference was 30°C and the ratio of diameter to
height of the tank was 3, the momentum exchange was minimized resulting in a good thermocline
and a stable stratification. In the case of using inlet ports, if the modified Richardson number was less
than 0.004, full mixing occured and so unstable stratification occured, which mean that this could not
be recommended as storage through thermal stratification. Using a distributor was better than using
inlet ports to form a sharp thermocline and to enhance the stratification.. It was possible to get
storage efficiency of 95% by using the distributor, which was higher than a storage efficiency of 85%
obtained by using inlet ports in same operation condition. Furthermore, if the distributor was manu-
factured so that the mainpipe decreases indiameter toward the dead end to maintain constant static

pressure, it might be predicted that further stable stratification and higher storage efficiency are
obtainable(ie:more than 95%).
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