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ABSTRACT

The benefits of thermal stratification in sensible heat storage were investigated for
residential solar applications. The effect of increased thermal useful efficiency of hot
water stored in an actual storage tank due to stratification has been discussed and illustra-
ted through experimental data and computer simulation, which were taken by changing
dynamic and geometric parameters. When the flow rate was 8 liter/min and AT was
40C, the useful efficiency(n.) was about 90% in case of using a distributor, but not
using a distributor the useful efficiency(n.) was about 82%. So these kinds of distributor
would be recommendable for a hot water storage system and residential solar energy
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application to increase useful efficiency(n.). In the case of the uniform circular distributor,
when the flow rate was 8 liter/min partial mixing was decreased and a stable stratification
was obtained. Furthermore, if the distrbutor was manufactured so that the flow is to
be the same from all perforations in order to enhance stratification, it might be predicted
that further stable stratification and higher useful efficiency(n.) are obtainable.
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INTRODUCTION

Solar energy system which employ sensible
heat storage may benefit in two ways if the col-
lected energy is not degraded by mixing during
storage. First, the effectiveness with which the
energy can be used will be improved if it is
supplied to the load at the temperature at which
it was collected rather than at a lower mixed-
storage temperature, Second, the amount of
energy collected may be increased if the collec-
tor inlet fluid temperature is lower than the
mixed-storage temperature. The absolute and
relative importnace of these effects depends on
the details of the solar system design and appli-
cation.

The advantages of stratification were qualita-
tively illustrated in the results presented by
Brumleve'? of calculations comparing stratified
and mixed storage under conditions of fixed re-
turn temperatures from the load and from the
collector. A quantitative comparison is reported
by Duffie and Beckman”, who simulated the
operation of a solar water heating system over
a one week pertod. They found a 9% increase
in the fraction of the total load carried by solar
when a three-segment stratified storage tank
was substituted for mixed storage. Although this
increase is certainly significant, the single-point
comparison provides no information on the sen-
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sitivity to design variables of the advantage of
stratification. The problem of thermal stratifica-
tion in solar energy storage systems has been
considered by several investigators® ", For
example, Davis and Barera"? observed from ex-
periments that improvement in the performance
of solar water heating systems due to stratifica-
tion is of the order of 10 percent. Sharp and
Loehrke" conducted detailed investigations of
the system performance when stratified water

storage is employed. Pak and Chio™ conducted

an experiment involving flow anaysis of buoyant
jets into a storage tank through variable nozzles
and Pak, Hwang and Cho"™ also conducted an
experimental study of the thermal storage effi-
ciency through variable porous manifolds in a
test storage tank. Recently, Pak conducted the
experiments on thermally stratified hot water
storage and exctraction, and a simulation for
the stratified thermal storage system“®*"®. The
effect of an increased energy input rate due to
stratification has been discussed and illustrated
experimentally.

The major objectives of the study were to
decide the optimum design condition of dynamic
factors and geometric factors by measuring tem-
perature for the vertical temperature profile and
pressure distribution in the outlet of a distribu-
tor.
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EXPERIMENTS

The experimental apparatus consisted of a
charging loop, an experimental tank, intercha-
ngeable inlets and distributor, and an outlet kept
stationary at the bottom of the tank, A data ga-
thering system was involved in the apparatus.
A schematic diagram of the experimental appa-
ratus is shown in Fig. 1.

Experimental Tank and Distributor

The experimental tank is cylinderical, 1680
mm tall and 516mm in diameter(H/D=3 in this
case). The tank, containing 350 liters of water,
1s made of transparent fiberglass in order to
enable picture taking and is insulated with 100
mm of batt insulator. Tank inlet(including dist-
ributor) and outlet position are also shown Fig.

1. The inlets were constructed of 20mm thick-
ness and screwed into the inlet port. The distri-
butor 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 section area of the distri-
butor was 2(a=AJ/A.=2).

Data Gathering System

The data gathering system consisted of tem-
perature sensor of thermocouple probe, flow se-
nsor of flow meter, a manometer recording. The
inlet temperature, outlet temperature and verti-
cal temperature profile were measured using
T-type thermocouples. The vertical temperature
profile was taken with 26 probes for the case
of H/D=3 in a 10mm diameter polycarbonate
tube located along the centerline of the tank.
It was assumed that the vertical temperature
profile was one dimensional. The accuracy of
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1. Automatic Voltage Regulator
2. Hybrid Recorder

3. Hot Water Supply Davice

4. Temp. Controller and Heater
5. High-Temp Bath
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7. Pump Speed Controller 13. Testing Tank
8. Temp Controller
9. Flowmeter

10. Bypass Valve
11. Main Valve.

14. Distributor
15. Acnil Bar

16. Thermocouple Probe
17.Exit Port

Fig. 1 Schematic diagram of experimental apparatus
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the temperature measurement was + 0.05C.
The flow measurements were made using a Ro-
tameter with an accuracy of 0.5% of measure-
ment. The pressure measurements at the inlets

were made using a manometer with Carbon-tet-
rochioride (CCL,). |

Experimental Procedure

The experimental procedure performed were
described in Ref. 16 & 17 in details. In order
to decide the optimum condition, inflow rate(Q)
and temperature difference between the inflow
water into the tank and the water which existed
in the tank(AT) were defined as the range of
parameters. These ranges were respectively, 8
liter/min to 12 liter/min(Q=8, 10, 12 liter/min)
and 25C to 40C(AT=25, 30, 40C).

The above experiments were conducted in
two cases with city supply water and without
city supply water, The ratio of height to diame-
ter of the storagé tank(H/D) was fixed to 3
in accordance with the past studies.

COMPUTER SIMULATION

There are a number of system parameters
which must be set before a sumulation can be
made, and each of these may influence the rela-
tive advantage of stratified over mixed thermal
storage. A major portion of this study was devo-
ted to an assessment of the influence of these
parameters. In order to accomplish this task wi-
thout an excessive expenditure of computer
time, simplified systems and models were used.
Schematic diagrams of the three basic solar sys-
tems studied are shown in Fig. 2.

The coupled set of algebraic and ordinary dif-
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Fig. 2 System schematics

ferential equations describing the temperatures
at various locations in any one of these systems
was solved numerically on a digital computer.
This initial value problem was solved using an
explicit marching procedure in time.

Hourly measured insolation and air tempara-
ture data in January, April, July and October,
1988 in Seoul. The predictions of the models
for the stratified tank have been compared with
the results of experiments and described in Ref.

18.

RESULTS AND DISCUSSION

The results of the experimental study on solar
energy application show that improved perfor-
mance of the application will be realized if strati-
fication can be maintained in the storage tank.
The results taken by computer simulation coin-
cided well with the results through the experi-
mental study.
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1. In case without a city supply water to sto-
rage tank, using a distributor was better than
using inlet port to increse the useful efficiency
(n.) (see Fig. 3 & 4). When the flow rate was
8 liter/min and AT was 40C, in case of using
a distributor the useful efficiency(n.) was about
88% but not using a distributor the useful effi-
ciency(n.) was about 86%, On the other hand,
when the flow rate was 12 liter/min and AT
was 25C, in case of using a distributor the useful
efficiency(n.) was about 87% but not using a
distributor the useful efficiency(n.) was about
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Fig. 3 Temperature profile in test tank (without

Dietributor) (Q=12LPM, AT—25C,
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Fig. 4 Temperature profile in test tank(without
Dietributor) (Q=8LPM, AT 40T, without
city water supply)
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82% (see Fig. 7 & 9). The useful efficiency(n.)
was defined as follows -
. TL, O_—Ts

Tc, i_Ts

N

2. During the heat storage, when the flow rate
was lower and the temperature difference was
larger, the momentum exchange decreased. Espe-
cially, when the flow rate was 8 liter/min and
the temperature difference was 40C, the momen-
tum exchange was minimized. Therefore, a stable
stratification was obtained(see Fig. 3 & 6).
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Fig. 5 Temperature profile in test tank(without
Dietributor) (Q=12LPM, AT— 25T,
without city water supply)
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Fig. 6 Temperature profile in test tank(witbout
Dietributor) (Q=8LPM, AT—40C,
without city water supply)
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3. In the case of the flow from city supply water
or load to collector, temperature distribution of
storage tank was not effective to temperature pro-
file in the tank. Especially, in the case of low flow
the natural convection would be helpful in maxi-
mizing the useful efficiency(n.) and keeping a
~ stable thermal stratification too(see Fig. 5 & 6).
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Fig. 8 Temperature variation with height in the
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When the flow rate was 8 liter/min and AT
was 40T, the useful efficiency(n.) was about 90%
in case of using a distributor, but the useful effi-
ciency(n.) was about 88% in case of not using
a distributor on the same parameters. So these
kinds of distributor would be recommendable for
a hot water storage system and residential solar
energy application to get the maximum useful ef-
ficiency(see Fig. 8 & 10)

4. In the case of the uniform circular distributor
(A=D=Constant), when the flow rate was 8 li-
ter/min partial mixing was decreased and a stale
stratification was obtained. Furthermore, if the di-
strbutor was manufactured following pressure dis-
tribution.
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it might be predicted that further stable stratifi-
cation and higher useful efficiency(v.) are obtai-
nable.

DLL2

CONCLUSIONS

The results of these experiments and simula-
tions of solar water heating applications show that
improved performance will be realized if stratifi-
cation can be maintained in the storage tank.

When the flow rate was 8 liter/min and AT
was 40C, the useful efficiency(n*) was about 90%
in case of using a distributor, but not using a
distributor the useful efficiency(n.) was about 82
% . So these kinds of distributor would be recom-
mendable for a hot water storage system and resi-
dential solar energy application to get the maxi-
mum useful efficiency.

In the case of the uniform circular distributor,
when the flow rate was 8 liter/min partial mixing
was dicreased and a stable stratification was obtai-
ned. Furthermore, if the distrbutor was manufac-
tured so that the flow is to be the same(velocity
and pressure) from all perforations in order to
enhance stratification, it might be predicted that
further stable stratification and higher useful effi-
ciency are obtainable.

NOMENCLATURE

A, : Total perforation area of the distributor(cm
2)
A. : Cross section area of the distributor(cm?)

D : Diameter of the tank(cm)
D : Diameter of the distributor(cm)
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D. : Diameter of the distributor at dead end(cm)

f . Friction factor

H : Height of the tank(cm)

L : Length of the distributor(cm)

m. . Mass flow rate from collector(kgm/sec)

P : Pressure(kg/cm?)

T : Temperature(C)

T: : Temperature of water returning to tank
from load(C)

T. o- Temperature of water supplying to load
from storage tank(C)

T.: . Temperature of water storing to storage
tank from collector(C)

Tx : Tank bottom temperature(C)

T. : 5Temperature of initially water stored(C)

U. - Velocity of hot water at inlet of the distribu-
tor(cm/sec)

x . Distance from the dead end of the distribu-
tor(cm)

o . The ratio of cross section area of the distri-
butor to total perforation area(=A./AL)

o : Density of the water(kg/cm®)

n. - Useful efficiency
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Experimental Study on the Effective Use of
Thermally Stratified Hot Water Storage System

Ee-Tong Pak
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The benefits of thermal stratification in sensible heat storage were investigated for residential solar
applications. The effect of increased thermal useful efficiency of hot water stored in an actual storage
tank due to stratification has been discussed and illustrated through experimental data and computer
simulation, which were taken by changing dynamic and geometric parameters. When the flow rate
was 8 liter/min and AT was 40C, the useful efficiency(n.) was about 90% in case of using a distributor,
but not using a distributor the useful efficiency(n.) was about 82%. So these kinds of distributor
would be recommendable for a hot water storage system and residential solar energy application
to increase useful efficiency(n.). In the case of the uniform circular distributor, when the flow rate
was 8 liter/min partial mixing was decreased and a stable stratification was obtained. Furthermore,
if the distrbutor was manufactured so that the flow is to be the same from all perforations in order
to enhance stratification, it might be predicted that further stable stratification and higher useful
efficiency(n.) are obtainable.

A study of heat transfer with Phase Change Material
in heat storage system

—Inward freezing in the vertical cylinder—

C.M.Lee * C.S.Yim* - M.Igbal*+

Yuhan Junior Collage
*Inha University

*+*University of British Columbia

This study investigated heat transfer phenomena during the freezing of an initially superhea-
ted or non-superheated liquid in a cooled cylinder tube. Numerical and experimental method were
performed to obtatin the temperature and velocity distribution, the shape of interface. Natural co-
nvection effects in the superheated liquid were confined and moderated a short freezing time.
After natural convection ceases, heat conduction dominated in the whole paraffin, so Caystal and
much-Zone were found out in PCM.

Initial superheating of liquid tended to morderatly diminish the frozen layer thickness at short
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