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Abstract

Thermal stratification in heat storage tank has a major influence on the thermal performance of the heating system. For
heat storage tank heated from the bottom, the whole tank is heated in order to provide hot water for the consumer. A new
stratification device has been developed to place the heated water at the top of the tank, therefore allowing the energy
usage to be reduced since the whole tank does not need to be heated to provide hot water. The aim of the paper is to
investigate the performance of the newly developed thermal stratification device by means of experiments and
computational fluid dynamics (CFD) simulations. Experiments have been carried out to measure water temperatures at
different levels of the tank during charging by a vertical heating element integrated in the stratification device. A
simplified CFD model of the cylindrical heat storage tank with the stratification device and a heating element at the
bottom of the tank is created in Ansys Fluent 15.0. Transient fluid flow and heat transfer in the tank during charging are
calculated. The CFD calculated water temperatures are compared to the measured temperatures. A parametric study has
been carried out to investigate how thermal stratification in the tank is influenced by the design of the stratifier such as
pipe thickness, material type, diameter of the pipe, by dimensions of the tank and by power of the heating element, etc.

The investigations elucidate how well a hot water tank heated at the bottom with a vertical heating element can be
stratified by using the new stratifier design. Based on the CFD calculations, design of the stratification device is
optimized.

Keywords: Heat storage tank, thermal stratification, stratification device, Computational fluid dynamics (CFD),
Experiments

1. Introduction

Thermal stratification in heat storage tanks has a major influence on the thermal performance of solar heating
systems. A high degree of thermal stratification in the storage tank increases the thermal performance of a
solar heating system because the return temperature to the solar collector is lowered (Furbo 1984, van
Koppen C 1979, Furbo 1987). A lower inlet temperature to the solar collector will increase the efficiency and
operating hours of the solar collector. Further, the temperature at the top of the storage will be closer to the
desired load temperature. Therefore the auxiliary energy consumption will be decreased which increases the
solar fraction (Hollands 1989, Furbo 2006). Thermal stratification and natural convection flow in a vertical
cylindrical hot water tank during standby periods were investigated in previous investigations (Andersen
2007, Fan 2012a, 2012b). Transient, three-dimensional CFD models of hot water storage tanks were
developed and validated against thermal measurements. The results show that the CFD calculation predicts
satisfactorily the water temperatures in the tank during cooling of the tank. The natural convection flow
along the tank sides is strongly influenced by the thermal stratification in the tank.

A tank heated from the bottom could be used as heat storage in a solar heating system, or as heat storage for
PV heating. Compared to conventional tank, it is more difficult to ensure high degree of thermal stratification
in the tank heated from the bottom as natural convection in the tank created by the heating element will mix
water in the tank therefore destroying thermal stratification in the tank. Typically the whole tank is heated in
order to provide hot water for the consumer. A new stratification device has been developed to place the
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heated water at the top of the tank, therefore allowing the energy usage to be reduced since the whole tank
does not need to be heated to provide hot water for the consumer.

The aim of the paper is to analyze performance of the newly developed thermal stratification device by
means of experiments and computational fluid dynamics (CFD) simulations.

2. The investigation methods

Experiments have been carried out to investigate thermal performance of the newly developed stratification
device. Fig. 1 shows test setup a cylindrical heat storage tank of 110 liters installed with a stratification
device. The tank is made of 2 mm steel. The stratification device is mounted at the bottom of the cylindrical
tank, see Fig. 1A. The stratification device consists of two parts: A steel pipe with a diameter of 115 mm at
the bottom and a plastic pipe with a diameter of 20 mm at the top, see Fig. 1B. Inside the steel pipe of the
stratification device there is a vertical electrical heating element of 2.91 kW installed. When heated by the
heating element, water in the stratification device rises up and enters in the tank though an opening at the top
of the plastic pipe, while there are gaps at the bottom of the stratification device, allowing water from the
tank to enter into the inlet stratification device. This forms a circulation of water flow driven by natural
convection. Photo of the tank is shown in Fig. 1C. Experiments have been carried out to measure water
temperatures at different levels of the tank during charging at different operation conditions.
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(A) design of the tank (B) photo of the stratification device (C) photo of the tank
Fig. 1: Experimental setup of a heat storage tank with a stratification device

A simplified CFD model of the cylindrical heat storage tank charged with a heating element at the bottom of
the tank is created in Ansys Fluent 15.0, see Fig. 2. The tank has a diameter of 394 mm and a height of 841
mm, resulting in a volume of 110 liters. The stratification device is placed in the middle of the tank,
stretching from the bottom to the top of the tank. The bottom part of the device is a steel pipe with a diameter
of 115 mm and a thickness of 4.3 mm, while the upper part of the device is a plastic pipe with a diameter of
20 mm and a thickness of 2.3 mm, see Fig. 2. The parabolic top end and bottom end of the tank are made flat
in order to facilitate good meshing. The water volume above the opening of the plastic pipe and the dead
volume at the bottom of the tank were kept the same as the tank in experiment, therefore influences on
thermal stratification by the simplification is minimized. The 3D tank model includes the steel tank wall as a
solid region and the hot water volume of the tank as a fluid region while the insulation materials are not
directly modelled. The effect of the insulation materials is considered by the heat loss coefficients measured
by the experiment. The heat loss coefficient of the tank is divided into three parts: heat loss coefficient of the
top surface, of the side surface and of the bottom surface. The heat loss coefficients measured by the
experiments are used as input to the model. The following equations are used to calculate temperature
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dependent heat loss coefficients of the tank:

K,, =0.24+0.00015%t [W/K] (eq. 1)
K, =1.75+0.00148%t [W/K] (eq. 2)
K, = 0.4140.00034% [W/K] (eq. 3)
K, =2.4+0.00198*t [W/K] (eq. 4)

where t is the water temperature in the tank, [°C].
Mean average ambient air temperature during the experiment is used as the free stream temperature of the
tank surfaces. The tank wall material, steel, has a thermal conductivity of 60 W/K/m and a density of 7850

kg/m’. .
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Fig. 2: Simplified CFD model of the tank with a stratification device
The mesh on the vertical cut-plane of the tank is shown in Fig. 3A. In order to better resolve the heat transfer

and fluid flow in the region adjacent to the tank wall, a boundary layer mesh is applied so that there is a fine
and dense mesh in the area close to the wall, see Fig. 3B and 3C.
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Fig. 3: Mesh of the CFD model of the tank
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Calculation of Rayleigh number shows that the flow in the tank is turbulent, therefore the k-e turbulent
model is used in the calculation. Transient CFD calculations are performed with Boussinesq approximation.
The PRESTO and second order upwind method are used for the discretization of the pressure and the
momentum/energy equations respectively. The SIMPLE algorithm is used to treat the pressure-velocity
coupling. The transient simulations start with a cold tank with temperature close to the ambient air
temperature. A zero velocity field is assumed at the start of all simulations. The calculation is considered
convergent if the scaled residual for the continuity equation, the momentum equations and the energy
equation are less than 107, 10° and 10 respectively. The simulation runs with a time step of 1 s and a
duration of 1 h. One simulation takes approximately 24 hours for a quad-core processor computer with 4 X 3
GHz CPU frequency and 8G memory.

3. Validation of the CFD model

Transient fluid flow and heat transfer in the tank during charging are calculated. The CFD calculated water
temperatures are compared to the measured temperatures. Fig. 4 shows measured and calculated
temperatures in the tank at 7 different levels of the tank after 1 hour of charging from a cold tank. Locations
of the temperature sensors are illustrated in Fig. 1A. Measured temperatures are shown with a title ‘t.** while
CFD calculated temperatures are shown with a title ‘t.;*’. The last number in the title ‘*’ indicates the
location of temperature sensor. The charging power is 2.91 kW. At the start of the charging, the measured
temperature at the top of the tank was 5 K higher than the temperature used in the CFD model. This
difference in temperatures will influence the difference between measured and calculated temperature as
water at the top of the tank will slowly flow towards the bottom of the tank during charging.

The difference between the measured and the calculated temperatures is within the range of 0-4 K at the end
of the charging. It can be seen that there is a good agreement between the measured and the CFD calculated
temperatures through the whole tank, therefore the CFD model is considered reliable. The validated CFD
will then be used to investigate how thermal stratification in the tank is influenced by different designs of the
stratification device.
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Figur 4. Measured and calculated temperatures in the tank during a 1h charge (t..., CFD; t...., experiment).
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4. Parametric analysis

The validated CFD model is used to calculate water temperatures in the 110 1 Metro tank after 1 hour of
charging. At the start of the charging, the tank has a uniform tank temperature of 16.5°C. Calculations are
carried out to investigate the influence of the design of the stratification device on thermal stratification in
the tank. The investigations focuses on diameter and wall thickness of the PEX pipe, opening area of the
PEX pipe, diameter of the hole separating the plastic pipe and the steel pipe as well as dimeter, wall
thickness for the steel pipe around the heating element. Also calculations with a PP pipe around the heating
element were carried out. The charging power is 2.91 kW in the calculations.

4.1 Diameter and wall thickness of the PEX pipe

Fig. 5 shows calculated temperatures in the tank during a 1 hour charge with different diameters of the PEX
pipe. The PEX pipe in the experiments has an outer diameter of 20 mm and an inner diameter of 15.5 mm,
therefore 20/15.5 mm is used as a reference. In Fig. 5, ‘tb*’, ‘t* 16mm’ and ‘t* 25mm’ represent the
reference pipe of 20/15.5 mm, a pipe of 16/12 mm and a pipe of 25/20.4 mm respectively. The last number in
the title “*’ indicates the location of temperature sensor. It can be seen that the diameter of the PEX pipe has
almost no influence on water temperatures in the tank, therefore it can be concluded that thermal
stratification is not influenced by diameter of the PEX pipe if pipe diameter lies within the range from 16-25
mm. It indicates that the investigated pipe diameters are sufficient large so that they will not create
significant friction loss for the natural convection flow in the pipe during charging.
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Figur 5. Calculated tank temperatures during a 1 (h) charge for different PEX pipe diameters.

Fig. 6 shows calculated water temperatures during a 1 hour charge with different wall thicknesses of the PEX
pipe. The PEX pipe in the experiments has a wall thickness of 2.25 mm, which is shown as reference in Fig.
6. The text ‘tb*’, ‘t* Imm’ and ‘t* 3mm’ represent respectively wall thickness of 2.25 mm, 1 mm and 3 mm.
The last number in the title “*’ indicates the location of temperature sensor. It shows that the wall thickness
has insignificant influence on water temperatures in the tank. The tank with a PEX pipe wall thickness of
2.25 mm has almost the same temperature as the tank with a pipe wall thickness of 3 mm while with a wall
thickness of 1 mm, there is a larger temperature difference. The largest temperature difference between the
three tanks is smaller than 1 K. It means that further increase of wall thickness will not make any influence
on thermal stratification in the tank while the thermal stratification tends to get worse with a decrease of wall
thickness to be below 1 mm. This could be explained by a larger heat transfer from the hot water in the pipe
to water in the tank through the pipe wall.
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Figur 6. Calculated tank temperatures during a 1 (h) charge for different PEX pipe wall thicknesses.

4.2 Opening area at the top of the PEX pipe

Water heated by the heating element will rise up and enter into the PEX pipe. At the top of the PEX pipe,
there are holes in the pipe that allow heated water enter into the tank. With an increase of the number of
holes, the opening area increases. Fig. 7 shows calculated water temperatures after 1 (h)s of charging with
different opening areas at the top of the PEX pipe. The reference number is 12 holes, represented by ‘tb*’,
where * represents an integral number from 1 to 7. ‘t* 6° and ‘t* 24” show the result for 6 holes and 24 holes
respectively. It is shown that thermal stratification in the tank is not influenced by varying the number of
holes from 6 to 24.
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Figur 7. Calculated tank temperatures during a 1 (h) charge for different opening areas at the top of the PEX pipe.

4.3 Opening area between the steel pipe and the PEX pipe

In between the conic top of the steel pipe and the PEX pipe, there is a hole with smaller diameter than both
the steel pipe and the PEX pipe. In the experiment, the opening area is 21.3% of the PEX cross section area.
Investigations were carried out to study the influence of diameter of the opening area on calculated
temperatures. The following opening areas were calculated: 5%, 10%, 15%, 30% and 40% of the PEX cross
section area. The results of the calculation with different opening areas are shown in Fig. 14, 15 and 16. It
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can be seen that the opening area influences significantly water temperatures in the tank. After 1 hour of
charging the water temperature at the top of the tank is the highest for the tank with an opening area of 10%
in between the steel pipe and the PEX pipe.
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Figur 8. Calculated tank temperatures during a 1h charge for different opening areas between the conic steel pipe
and the PEX pipe.
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Figur 9. Calculated tank temperatures during a 1 (h) of charge for different opening areas between the conic steel
pipe and the PEX pipe.

The reason of the best thermal stratification for an opening area of 10% could be explained by the buoyancy
driven flow due to charging. For a slower movement of the buoyancy driven flow, wiater will have adequate
time to be heated to a higher temperature. On the other hand, if the flow is too slow, heat will be lost from
the heated water to water in the tank through the pipe walls. Therefore a decrease of the opening area from
10% to 5% will result in a lower water temperature at the top of the tank, see Fig. 8, while with an increase
of the opening area from 10% to 15% or larger, the buoyancy driven flow in the pipe will be increased
therefore resulting in a lower water temperature at the top of the tank.



Fan/SWC 2015/ ISES Conference Proceedings (2015)

] o
T TS,

] —_—
e
(5 | i
&4
s g
tl'n 1
E QE
] 45 —_—
i

35 —
.
an -
F1] LI
C =

20 : -
- 2 I ol ¥
] 4T 0

o MG B0 WD 1100 00 800 M0 00 PRGN MGQ  ¥IOO 30
Tima i8]

Figur 10. Calculated tank temperatures during a 1 (h) of charge for different opening areas between the conic
steel pipe and the PEX pipe.

Fig. 11 shows calculated effective energy content of the tank for different opening areas between the conic
steel pipe and the PEX pipe. The effective energy of the tank is obtained by summing up energy content of
water in the tank with a temperature higher than 50°C. Therefore it determines the useful energy of the tank
after charging. It shows that the opening area has a significant influence on the effective energy content of
the tank. Charging of a tank with an opening area in between 21.3% and 30% of the cross section area of the
PEX pipe will result in the largest effective energy content. It means that although an opening area of 10%
will result in the highest water temperature in the tank but the effectively energy content of the tank is not the
largest because the relative slower fluid flow in the pipe means smaller water volume heated to 50°C at the
end of charging.

10 i
ol
- = 1%
1T,
— 1%
Ky
- &
1% W

IfFctsie Foaagy ontaal wiEh 5 temgrraty » G000 W]
=
5
!
\
1

- .
.-"'-.‘-.‘ g
;
- ‘-;i
on Ay
- i T
# - 2 Ea
- #
o i
e e -
P il A
e -
& =T - - L
A .
i #
F
5 #
il L B -
000 O3 o8 OTF 160 LI LB LR MO0 RIS 3sF 3 L5

e svrergy [
Figur 11. Calculated effective energy content of the tank for different opening areas between the conic steel pipe
and the PEX pipe.
4.4 Diameter and wall thickness of the steel pipe

Fig. 12 shows calculated water temperatures in the tank for different diameters of the steel pipe. In the
experiment the steel pipe has a diameter of 114.9 mm and a wall thickness of 4.25 mm, therefore it is used as
reference. A diameter of 110 mm and 125 mm are used in the investigations. It can be seen in Fig. 12 that
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the diameter of the steel pipe has insignificant influence on water temperature in the tank after 1 hour of
charging.

Calculations were carried out for a wall thickness of 1 mm and 2 mm. The results show that there is almost
no difference in temperatures with a decrease of wall thickness from 4.25 mm to 1 mm and 2 mm.
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Figur 12. Calculated tank temperatures during a 1 (h) of charge for different diameters of the steel pipe.

4.5 Different materials of the pipe around the heating element

In the experiment the pipe around the heating element is made of steel. Investigations were carried out to
study the influence of material of the pipe on water temperature in the tank. In addition to steel as a
reference, PEX and PP are used as pipe materials. The results are shown in Fig. 13. It can be seen that pipe
material has a strong influence on water temperature in the tank. The lower the thermal conductivity of the
pipe material, the better the thermal stratification in the tank is. For a pipe made of material with a higher
thermal conductivity for example steel, the water temperature at the bottom part of the tank will be higher
due to heating by horizontal heat transfer across the pipe. On the other hand, the lower the thermal
conductivity of the pipe around the heating element, the higher the water temperature at the top of the tank
will be, for example, when PP is used as pipe material.
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Figur 13. Calculated tank temperatures during a 1 (h) of charge for different pipe materials.
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Fig. 14 and 15 show velocity vectors around the heating element with steel and with PP as pipe material
respectively. As shown in Fig. 14, there is a dominant upward flow around the heating element due to
heating of water in the stratification device, while along the pipe wall there is an apparent downward flow
caused by heat loss from the steel pipe wall in the horizontal direction. The uprising flow collides with the
downward flow, creating flow circulations in the conic top.
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Figur 14. Velocity vectors around the heating element with steel as pipe material.
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Figur 15. Velocity vectors around the heating element with PP as pipe material.

When PP is used as pipe material, the downward flow along the pipe wall is minimized, which can be
explained by lower thermal conductivity of PP compared to steel. Since heat loss from the pipe is
significantly reduced, the driving force of the downward flow becomes smaller. As a result water flow
around and above the heating element is more regular, resulting in a higher water temperature when it enters
the plastic pipe. Therefore it can be concluded that use of a material with lower thermal conductivity for the
pipe around the heating element has the following advantages:
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(1) increased temperature at the top of the tank
(2) decreased heat transfer between the stratification device and the bottom of the tank

(3) better thermal stratification in the tank and thus higher effective energy content of the tank after charging.

5. Conclusions

A newly developed thermal stratification device was investigated by means of experiments and
computational fluid dynamics (CFD) simulations. Experiments have been carried out to measure water
temperatures at different levels of the tank during charging by a vertical heating element integrated in the
stratification device. Transient fluid flow and heat transfer in the tank during charging are calculated by a
simplified CFD model. The CFD calculated water temperatures are compared to the measured temperatures.
The results show that the CFD model can satisfactory predict thermal stratification in the tank during
charging.

A parametric study has been carried out to investigate how thermal stratification in the tank is influenced by
design of the stratifier such as pipe thickness, material type, diameter of the pipe, opening area etc. The
investigations elucidate how well a hot water tank heated at the bottom with a vertical heating element can be
stratified by using the new stratifier design. The results show that diameter and wall thickness of the PEX
pipe have minor influence on thermal stratification in the tank if the diameter of the pipe is in the range of
16-25 mm and the wall thickness is in the range of 1-3 mm. Opening area at the top of the PEX pipe has
insignificant influence on water temperature in the tank during charging while opening area in between the
PEX pipe and the conic pipe has a significant influence. The calculations show that an opening area of 10%
of the cross section area of the PEX pipe gives the highest water temperature at the top of the tank but the
effective energy content of the tank is the largest if an opening area in between 21.3% and 30% is used.

Concerning the pipe around the heating element, diameter and wall thickness has almost no influence on
water temperature in the tank if steel is used as pipe material. Use of a material with lower thermal
conductivity for the pipe around the heating element will result in a higher temperature at the top of the tank
and an increased degree of thermal stratification in the tank.
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