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Abstract

The paper focuses on the experimental measurement of the accumulation of hot water storage with its thermal stratificational
thermal layers by means created of elementary conical elements. The basic principle of these elements is the automatic distribution
of water temperatures according to temperature and volume flow for a specified time of storage of heat energy. This process involves
maintaining the thermal stratification at different height levels of the storage tank, which minimizes the process of balancing the hot

water. The aim of the experiments was to demonstrate the thermal energy layering in the 1050 | water storage accumulator in 1 hour

depending on the different water flow rates from 250 to 1000 I/h from the heat source.
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1 Introduction

In Slovakia, the domestic hot water preparation is mainly
realized in convectional storage water heaters, where the
water supply is solved at the bottom of the tank, heated
up and the hot water outlet is at the highest point of the
water storage. The most up to date, progressive domestic
hot water preparation is based on the principle of thermal
stratification. It is mainly used to increase the efficiency
of solar energy systems and other heat sources by storing
hot water in layers in the stratification storage tank [1, 2].
Water stored in stratified heat storage tanks, forms natu-
rally, as a result of gravity, layers of different temperature
affecting its weight [3]. The way water circulates in this
kind of heat storage tanks depends on the temperature of
heating circuits heated by heat sources. Therefore, there
are low temperature systems (30-50°C) and high-tem-
perature systems (60-90°C) [4]. Thermal stratification is
practically storage volume layering by means of controlled
storing of thermal energy into layers with the same or sim-
ilar temperature. Colder and heavier water remains close
to the bottom, whereas warmer water rises upwards. In
other words, water with density p is always supplied under
the layer which has a lower density [5]. The remaining
layers maintain their respective temperatures, due to the
low thermal conductivity of water. In order to support the

preservation of natural thermal layers by means of buoy-
ancy forces, vertical storage tanks are used in most cases
[6, 7]. The control of temperature stratification is usually
ensured by means of special self-stratification elements or
regulatory elements which are built into storage tanks (see
Fig. 1 and 2). Tubular elements are simple elements made
from PVC pipes (Fig. 1(a)) [8, 9]. Conical elements allow
stratification thanks to their own design, or the so called
natural gravity check valve. Branches are made of very
light check valves, which prevent temperature changes of
the supplied hot water by taking in cooler water from the
bottom part of the storage tank (Fig. 1(a) and b, Fig. 2(b)).
If we want to achieve a reliable layering of thermal energy,
we must not only create differentiated temperature lay-
ers, but also maintain them so that the layering of thermal
energy in the storage tank will not degrade. The quality
of temperature layering of the water stored in the strati-
fied heat storage tank will affect the operating parameters
of the whole system. Temperature layering is influenced
mainly by the way the working fluid is charged into the
storage tank and discharged from it [10].

The above mentioned facts outline the basic difference
between a standard storage tank and a stratified storage
tank: in a standard storage tank (Fig. 1(c)), a significant
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Fig. 1 Ways of layering water in tanks by temperature [11] (a) convective layering of hot water with a plastic tube,
(b) horizontal layering of hot water through cones by rerouting the flow, (c) convective heating of hot water
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Fig. 2 Stratified storage tank in laboratory conditions [autor] (a) stratified storage tank with a capacity
of 1,050 1 in laboratory, (b) color distinction of individual hot water layers in the stratified storage tank

mixing of hot water takes place and the temperature of the which allow consumers to discharge hot water from the
water discharged does not meet the requirements of the storage tank with a temperature that fits their needs [12].
delivery point, whereas a stratified storage tank (Fig. 1(b))

features internally regulated thermal layering provided 2 Experimental measurements in laboratory conditions
by stratifying storage elements (self-acting gravity check The experimental measurements were carried out in the test-
valves, plastic conical or plate-like regulatory elements), ing laboratory of the company SAILER GmbH in Germany



(Ehingen) (April, May 2017). The measuring module con-
sisted of a thermally no-insulated 1050 L volume storage
tank of steel, with 890 mm diameter and 1730 mm height
(Fig. 2) in which there was no hot water extraction during
the experiment. It is equipped with an expansion vessel with
a capacity of 50 1 with an automatic vent valve and a drain
valve with a location at the top of the tank.

Elemental conical elements of plastic for the primary
circuit from the heat source and the circuit from the solar
system are located in the storage tank. They are connected
to with the heat exchanger, which inside the container for
the solar system. Conical elements are used for steady
temperature layering. Changes in heat energy layering of
the thermal energy storage in the storage tank is recorded
by the sensors in individual height levels divided by stages
at a distance of 10 cm, marked T1 to T13 (Table 1) on the
left edge of the storage tank. Temperature sensors on the
supply and return heating pipes are too located in the indi-
vidual points of the measuring heating system. The mea-
suring and control system is installed on the primary heat-
ing circuit from the heat sources upstream of the storage
tank, followed by a heat exchanger. The constant flow rate
is controlled by the setting unit of pumps assembly for the
experiment. The heating water is supplied to the measur-
ing device through a copper pipe with a nominal light-
ness/diameter DN 20 (22 x 1.0 mm). There were two heat
sources used for water heating: the first one consisted of
10 solar collectors with an absorption area of 10 x 2.81 m?,
the second one was a gas condensing boiler with a heat
output of 30 kW.

At the beginning of the measurement, the storage tank
is fully filled by water with the temperature of 35 to 36 °C.
The hot water is supplied from the heat source through
the heat exchanger so that it is mixed to the desired tem-
perature (Fig. 3). The water is supplied to the top layer
of the storage tank at point “C”. The temperature of the
top layer keeps increasing until the water temperature at
point T11 is higher than 50 °C. The experimental set is
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prepared for the measurements when the water in the stor-
age tank is divided into 13 thermal layers ranging from
35 up to about 59 °C in the top. This procedure is repeated
before each measurement so that the initial conditions are
always the same throughout the whole tank. During the
experiment, the water temperatures are recorded every
second over the whole height of the tank in all the 13 ther-
mal layers. The volume flow rates at point A (Fig. 3) were
250 1/h (4.16 1/min), 500 1/h (8.3 1/min), 750 1/h (12.5 I/min),
and 1000 I/h (16.3 1/min). The storage tank is connected
to a heat source (natural gas boiler) with the tempera-
ture gradient of 45/35 °C (Fig. 3, point 5). The aim was to
observe the process of creation of the thermal layers with
45 °C temperature over time.

3 Results
During one-hour interval, the stratification of thermal
energy layering at different height levels had been deter-
mined in the storage tank. Different flow rates were used
- 250 1/h, 500 I/h (Fig. 4), 750 1/h (Fig. 5) and 1,000 1/h
(Fig. 6) - in order to determine the difference between the
stratification behavior and efficiency of thermal energy
storage. The measuring device recorded the temperature
values in the interval of every second. The measured val-
ues of water temperature course are shown on the figures,
in 13 measured layers inl hour interval. Table 1 shows an
example of hot water temperatures measured in the stor-
age by flow rate of 1,000 1/h over an interval of 5 minutes.
The thermally layered water has a volume flow rate of
500 1/h (Fig. 4) with the temperatures of 35.6 °C, 36 °C,
38.6 °C, 55.9 °C, and 59.2 °C. The temperature at the
top layer T13 decreases from 59.2 °C down to 55.9 °C
(3.3 K). The sensors T11 and T12 with temperatures of
55.8 °C and 59 °C, respectively, indicate decrease in the
water temperature at the volume flow rates of 750 1/h and
1000 1/h. The thermal layer T10 with the initial tempera-
ture of 38.5 °C has reaches 47.8 °C 13 minutes after the
measurement had started. This temperature of the thermal

Table 1 Example of water temperature changes in the tank at the flow of 1,000 1/h

Sensor temperature in individual layers in °C

Time (min) TI T2 T3 T4 TS5 T6 T7 T8 T9 TI10 TIl TI12 T.I3
0 3510 3530 3546 3549 3560 3560 3560 3580 3965 502 552 569  56.5
1 3511 3530 3548 3549 3560 3560 3560 3590 4103 504 5438 57 56.3
2 3511 3530 3548 3549 3560 3560 3560 3625 4192 506 546 568 563
3 3510 3530 3547 3549 3560 3560 3561 3665 4268 504 544 568 562
4 3510 3530 3549 3550 3559 3560 3560 3726 4340 503 543 568 562
5 3510 3530 3548 3550 3560 3560 3560 3799 4399  50.2 54 568 561
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Fig. 3 Hydraulic scheme of the connection of stratified storage tank during the experimental measurements [autor]. 1 — stratified storage tank (1,050 1),

2 — control unit with a data saving feature, 3 — plate heat exchanger, 4 — pump control unit, 5 — heating system from solar collectors or gas boiler, A —

primary supply from heat source, B — primary supply from solar system, C — water inlet for temperature layers above 50 °C
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Fig. 4 Changes in heat energy layering by temperature at the flow of 500 1/h

layer is kept until the end of the measurement. The ini-
tial temperatures at the sensors T9, T8, T7 and T6 are
about 36 °C. The temperature at T9, T8, T7 and T6 rises
above 40 °C 11, 23, 36 and 50 minutes after the measure-
ment had started, respectively. The thermal layer keeps
the temperature of 35.8 °C during the first 55 minutes,
whereupon it rises slightly to 36.5 °C. T4 is kept at 35.8 to
36 °C, and T1 to T3 are at 35.5 °C over the whole 60 min-
utes. For the volume flow rate of 750 1/h the temperatures
of the thermal layers at the beginning of the measurement

are 36.6 °C, 39 °C, 43.2 °C, 54.1 °C, and 56.1 °C (Fig. 5).
Temperature of the top layer T13 decreases from 56.1 to
52.02 °C (4.08 K). Also the sensors T11 and T12 with the
temperatures of 54.1 °C and 56.1°C, respectively, indi-
cate cooling down of the water. After 25 minutes the
temperatures at these layers are below 50 °C. The tem-
peratures at T10 to T6 are after 20 minutes approaching
48 °C. After 35 minutes they are approximately constant
between 47 and 48 °C. The temperature of the ther-
mal layer T5 increases between the 14" minute and the
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Fig. 5 Changes in heat energy layering by temperature at the flow of 750 1/h

35" minute from 37.8 °C up to 47.3 °C. The temperature in
T4 rises from 37.4 °C in the 25" minute up to the 39.75 °C.

The thermal layer T3 keeps its temperature at 36.9 °C
over the whole measurement. The lowest thermal layers T2
and T1 have temperatures of about 37 °C and 36 °C, respec-
tively. For the volume flow rate of 1000 I/h the temperatures
of the thermal layers over the whole measurement are Fig. 6.
The water in the storage tank did not drop below the initial
value of 35 °C over the whole measurement. Its maximum
value was about 59 °C (Fig. 6), while the goal was to heat up
the whole volume of the tank to the average of 45 °C. Fig. 7
shows the course of supply water temperature from the heat
source with a temperature gradient of 45/35 °C at the volume
flow rates of 500 1/h (8.3 1/min) and 750 1/h (12.5 1/min). At
the volume flow rate of 500 1/h, the thermal gradient is grad-
ually dropping over the one-hour measurement from the 10
K (45/35 °C) down to 6.5 K. A flow 750 1/h with temperature
gradient of 45 / 35 °C gradually decreases from 9.8 K to 2.4
K. The example of the hot water temperature course at the

height levels from 0 to 1700 mm is documented in Fig. 8.
It expresses changes in temperature at the height levels of
stratified storage tank at flow rate 750 I/h at the beginning of
the measurement, after 30 minutes and 1 hour.

4 Discussion

The aim of the experiment was to demonstrate the depen-
dence of the thermal energy layering with flow rates from
250 to 1000 1/h. The determined volumetric flow rate had
been provided to the storage tank, while the tempera-
ture had been measured in different heights — 400 mm;
1200 mm; 1700 mm. The input data is shown in Table 2.
During the measurements 35-36 °C had been measured
in the lower part of the tank. At the center temperatures
reached 45-47°C and in the upper part at 1.7 m height
53-55 °C had been measured. Fig. 4, 5 and 6 shows that
the optimal heat energy layering flow rate was 750 1/h. For
the flow rates of 250 1/h and 500 1/h the water is heated
only in the lower thermal layers (sensors T6 to T9) up to

—71 —T72 — T3 —T4 —T5 —T6 —T7

—T 8 ——T9 =T 10T 1] ——T_12 ——T_13

0 5 10 15 20 25

30 35 40 45 50 55 60
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Fig. 6 Changes in heat energy layering by temperature at the flow of 1,000 I/h
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Table 2 Water temperature in different height levels of the storage tank with changing flow rate

Flow (1/h) 250 500 750 1000
Indicatiion T1 T10 T13 T1 T10 T13 T1 T10 T13 T1 T10 T13
Sensor height (m) 0.4 1.2 1.7 0.4 1.2 1.7 0.4 1.2 1.7 0.4 1.2 1.7
Temperature (°C) 34.8 45 54.6 35.1 449 55.9 359 46.9 52.1 34.6 46.9 53.4
Inlet Outlet Flow
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Fig. 7 Water supply with temperature gradient of 45 / 35 °C from heat source at flow rates of 500 and 750 1/h

the height of 1.2 m. These thermal layers are heated up to
43 °C to 45 °C. For the flow rate of 750 1/h the thermal lay-
ers located between 0.6 m and 1.5 m are after 35 minutes
heated up to the temperature of 47 °C to 49 °C. For the
flow rate of 1000 1/h the thermal layers located between
0.6 m and 1.4 m are after 40 minutes heated up to the tem-
perature of 47 °C to 49 °C.

The larger the volume flow to the storage from the heat
source, the temperature of the hot water at the highest
temperature layers decreased from 55 °C to 47 °C and the
lower temperature increased from 35 °C to over 45 °C.
The volumetric flow rate has a great influence cooling

down the water in the higher layers therefore it is neces-
sary to design the inlet volume flow rate to the heating and
hot water preparation system.

5 Conclusion

The advantage of stratification storage tanks is the usage
of hot water according to the temperature of the selected
heating system and distribution system. Temperatures
around 30-50 °C stored in the lower part of the strati-
fied tank can be used from the low exergy system. Water
from the middle and upper part of the tank with 60-90 °C
can be used for hot water heating and domestic hot water
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Fig. 8 Changes in temperature at the height levels of stratified storage tank at flow rate 750 I/h

preparation. It is very important to properly set and install
the inlet and outlet water flow to the system of heat accu-
mulation. If they do so the heat storage accumulator tanks
are highly efficient combined to the heating and DHW
systems, minimizing heating time compared to other hot
water storage tanks with convective heating.
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