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Abstract

The transient fluid flow and heat transfer in a hot water tank during cooling caused by standby heat loss were
investigated by computational fluid dynamics (CFD) calculations and by thermal measurements in previous
investigation. It is elucidated how thermal stratification in the tank is influenced by the natural convection and how the
heat loss from the tank sides will be distributed at different levels of the tank at different thermal conditions.

A heat loss removal factor is introduced to characterize the effect of the buoyancy driven flow on exchange of heat loss
between tank layers by natural convection. Based on results of the CFD calculations, a generalized equation of the heat
loss removal factor is obtained by regression which calculates the heat loss removal factor for a given temperature
gradient in the tank. The equation takes into account the influences of tank volume, height to diameter ratio, tank
insulation, thickness and material property of the tank wall and initial thermal conditions of the tank. The equation is
validated for a tank volume in the range of 150 1 and 500 1 and a height to diameter ratio of 1-5. The equation is
implemented in a simulation program for a solar domestic hot water (SDHW) system with a hot water tank charged by a
built-in heat exchanger spiral. The program can calculate thermal performance of a SDHW system. Thermal performance
calculated by the program will be compared to the measurements. The investigations elucidate accuracy and reliability of
the program for calculation of temperatures and thermal performance of a solar domestic hot water system.

Keywords: Hot water tank, thermal stratification, performance calculation program, Computational fluid dynamics
(CFD), Heat loss removal factor

1. Introduction

Thermal stratification in solar 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, Haller 2009, Haller 2010). 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).

Heat loss from the tank sides helps to build up thermal stratification in the tank. Due to heat loss to the
surroundings, the fluid close to the tank wall has a lower temperature than the fluid at the centre of the tank.
The relative colder fluid flows downwards along the tank wall while the fluid with higher temperature rises
up in the centre of the tank.

Thermal stratification and natural convection flow in a vertical cylindrical hot water tank during standby
periods were investigated in the literature (Andersen 2007, Fan 2012a). Transient, three-dimensional CFD
models of hot water storage tanks were developed and validated against thermal measurements. Zachar
carried out a numerical analysis of flow distributors to improve temperature stratification in storage tanks
(Zachar 2007). Neural network modelling was used for calculation of thermal stratification in a solar DHW
storage (Geczy-Vig 2010).

The aim of the investigation is to elucidate how thermal stratification in the tank is influenced by the natural
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convection and how the heat loss from the tank sides will be distributed at different levels of the tank at
different thermal conditions. The ultimate goal of the investigation is to improve an existing program for
performance calculation of solar domestic hot water systems in terms of prediction of thermal stratification
in the tank.

2. The experimental and numerical investigations

Experimental investigations were carried out on a slim 150 I tank with a diameter of 0.34 m and a height of
1.68 m in order to evaluate the effect of heat loss on thermal stratification in a tank. The height to diameter
ratio of the tank is 5.0. The tank is made of steel with a thickness of 5 mm and is insulated with 5 cm mineral
wool. Temperature distribution of the tank is measured with 14 copper/constantan thermocouples (type TT)
equally placed from the bottom to the top of the tank. The heat loss coefficient from different parts of the
tank is measured with the setup shown in Fig. 1. During the measurements, the tank is heated by an electric
heating element to a uniform constant temperature. The electric heating element is placed at the very bottom
of the tank. The heat loss from the tank is therefore equal to the power consumption of the electric heating
element under steady state conditions. Measurement of the heat loss coefficient from different parts of the
tank is possible with help of the iso-temperature box which is kept at the same temperature as the water
temperature in the tank. A uniform temperature of the air in the box is achieved as the air is fully mixed by
means of a fan inside the box. Therefore there is no heat loss from the part of the tank covered by the box.
Air temperature in the box and ambient air temperature are measured by copper/constantan thermocouples,
type TT. By means of measurements with different positions of the box and with two temperature levels of
76.0°C and 36.5°C, the distribution of the heat loss coefficient for the different parts of the tank is determined
for different temperature levels. The measurement accuracy of temperatures is 0.5 K. For the temperature
level of 36.5°C, the total heat loss coefficient of the tank is measured. The heat loss coefficients for the
different parts of the tank are obtained by assuming the same distribution of the heat loss coefficients among
the different tank parts as with a hot water temperature of 76 °C. Since the distribution of the heat loss
coefficient for different parts of the tank is mainly dependent on the tank design and insulation, the
assumption will not introduce significant errors in the analysis. Linearly temperature dependent heat loss
coefficients for different parts of the tank are then obtained, see Equation 1-4.

K,, =0.24+0.00015*(T-273.15) [W/K] (eq. 1)
K, =1.75+0.00148*(T-273.15) [W/K] (eq.2)
Kypiom = 0.41+0.00034*(T-273.15)  [WK] (eq.3)
K, =2.4+0.00198*(T-273.15) [W/K] (eq. 4)

where T is the water temperature in the tank, [K].
The measured heat loss coefficients of the tank are used as inputs to the numerical investigations.

=) w,p

Wy

A. The Iso-temperature box and the tank B. Measurement of tank heat loss coefficient

Figure 1. Experimental setup
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A tank simulation program (SpiralSol) has been developed to calculate water temperatures in a tank with a
built-in heat exchanger spiral (Furbo 1984). Thermal stratification in the tank under different operating
conditions is considered. The program is able to determine the thermal performance off a solar heating system
taking into consideration thermal stratification in the tank. The program is improved in this paper in the term
of prediction of thermal stratification by considering the influence of buoyancy driven flow along the tank
side wall.

In the program, the tank is equally divided into a number of layers (N=10), numbered sequentially from the
bottom to the top of the tank, see Fig. 2. Heat loss from the side of the layer I is defined as Q,,s(I) calculated
based on conventional heat transfer theory while the heat loss moving from the layer above (I+1) to the layer
(D) due to the buoyancy driven flow is defined as Qgqqy(I). A heat loss removal factor a(f) for interface 7 is
defined as the ratio between the heat loss moved down by natural convection and the total amount of heat
loss of the layer. The heat loss of the layer includes both heat loss from the side of the tank and the heat loss
moved down from the layer above.

Q o ()

a(l)= (eq. 5)
O +D+ 0, (I +1)
For the top layer N, the heat loss moving from the layer above is replaced by the heat loss from the top of the
tank.
Q0N 1)
a(N -1)=—=~ (eq. 6)

Qlop loss + Qluss (]V)
Thermal stratification in the tank is characterized by a temperature gradient Gr(I).
T. (+D)-T (I
GV(]) — Iayer( ) Iayer( )
Hlayer(] + 1) - Hlayer ([)

where Ty (1) is the average fluid temperature of layer I in K, while Hyyy,, (I) is the average height of layer I
in m measured from the bottom of the tank.

(eq. 7)

—d 5
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Fig. 2 Schematic illustration of a tank consisting of N layers.

3. The downwards flow along tank wall due to heat loss from the tank

3.1 The initial conditions of the tank
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CFD model of the slim hot water tank has been developed and validated against measurements (Fan 2012a).
Calculations have been made using the validated CFD models to investigate the influence of the downward
flow along the tank wall due to heat loss from the tank. The initial condition of the tank was either a fully
charged tank with a uniform water temperature of 80 °C or a stratified tank after a hot water draw-off. In the
stratified tank, the water temperature at the upper part of the tank is 80 °C while it is 17 °C at the bottom of
the tank. Fig. 3 shows the temperature profile of the stratified tank after a hot water draw-off. The stratified
tank corresponds to a tank after a hot water draw-off of 75 liters.

1.8
= Atk e B ap
b =M Tuly charge tank
L&
12
24 b
— - "
?EH _-—II—--—--------
-
b -
i
o4 J
|
(i % |
i
g 1
1L =] £ &% 55 Lo IS B

Temparatue, 'C
Fig. 3 Temperature profile of a fully charged tank and of a stratified tank after a hot water draw-off

3.2 The dependence of downward velocity on temperature gradient during standby period of a fully
charged tank

Fig. 4A shows water temperatures in the tank after 24 hours standby of a fully charged tank. Due to heat loss
from the tank, water temperature at the upper part of the tank drops by 14 K, while at the bottom of the tank
water temperatures decreases by 27 K. In the tank with a height 0.24 m-1.68 m from the bottom of the tank,
there is a temperature of 64-66°C, indicating a small temperature gradient. In the lower 24 cm of the tank
there is a larger temperature difference.
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Fig. 4 CFD calculated velocity vectors and temperature distribution in the tank after a 24 hours standby period
with an originally fully charged tank.
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Fig. 4B shows velocity vectors of fluid flow in the tank after a 24 hours standby period starting with a fully
charged tank. Due to heat loss from the tank side, water close to the tank side has a lower temperature than
water in the center of the tank at the same height. The colder water tends to flow downwards along the tank
side wall as its density is higher, while in the center of the tank warmer fluid tends to flow upwards, creating
a water circulation in the tank. The buoyancy induced flow will drive fluid with lower temperature from the
upper part of the tank to the bottom part of the tank, consequently establishing thermal stratification during
standby period of the tank. Temperature gradient in the tank has a significant influence on the downward
flow along the tank side wall. Fig. 5 shows dependence of downward velocity on temperature gradient in the
tank after 24 hours standby cooling of a fully charged tank. It is shown that the larger the temperature
gradient, the lower the downward flow is. At height in the range of 0.7-1.68 m where the temperature
gradient is as low as 0-2 K/m, the average downward flow velocity is 1 mm/s-7 mm/s. While at the bottom of
the tank (at height 0-0.6 m) where there is a larger temperature gradient in the range of 3-25 K/m, the
downward flow is significantly reduced to be lower than 1 mm/s.
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Fig. 5 Dependence of downward velocity on temperature gradient in the tank after a 24 hours standby period
starting with a fully charged tank.

3.3 The dependence of downward velocity on temperature gradient during standby period of a
Stratified tank

The buoyancy driven flow in a stratified tank is investigated as well. Fig. 6A shows the temperature
distribution in the tank at 5 hours standby of a stratified tank. At the upper part of the tank there is a water
temperature of 70-75°C while the water temperature at the bottom of the tank is almost constant at 17°C. Fig.
7 shows temperature gradient versus water temperatures in the tank. In the middle part of the tank there is a
strong thermal stratification with a temperature increase of 47 K from 0.5 m to 1.2 m height of the tank,
corresponding to a temperature gradient in the range from 44 K/m to 99 K/m. At the top of the tank with a
height in the range from 1.2 to 1.68 m, the temperature gradient is smaller than 20 K/m. The temperature
gradient is small as well at the bottom of the tank with a height from 0 to 0.4 m.

From Fig. 6B it can be seen that there is a downward flow along the tank wall at the height of 1.4 m or higher
due to the absence of stratification. Water in the central parts of the tank water is flowing upwards as water
in the center of the tank is relatively warmer. At the height of 1.1 m, the downward flow is reduced
significantly, which can be explained by the presence of strong stratification at that part of the tank. At the
bottom of the tank there is a small temperature gradient but the downward buoyancy driven flow is not
present. However a small uprising flow along the tank wall can be observed. The rising flow has the
magnitude of approx. 0.4 mm/s. This can be explained by a warmer steel tank wall at the bottom of the tank
caused by heat gain from the upper part of the tank due to thermal conduction through the tank wall and from
the ambient air which has a slightly higher temperature. The heat gain heats up the fluid adjacent to the wall,
creating upward flow.
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L
A. Temperature distribution B. Velocity vectors

Fig. 6 CFD calculated velocity vectors and temperature distribution in the tank after 5 hours of standby with an
originally stratified tank.
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Fig. 7 Temperature gradient in the tank after 5 hours of standby for a stratified tank.

Fig. 8 shows the dependence of downward flow along the tank side wall on temperature gradient in the tank.
At the top of the tank where there is a small temperature gradient, the downward flow has an average speed
of 1 mm/s- 4.5 mm/s. While the flow is significantly reduced in the middle part of the tank with a height
from 0.4 m to 1.2 m where there is a temperature gradient higher than 20 K/m.
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Fig. 8 Dependence of downward velocity on temperature gradient in the tank after 5 hours of standby for a
stratified tank.

4. The heat loss removal factor

4.1 Equation of the heat loss removal factor

In order to quantify the effect of the buoyancy driven flow on exchange of heat loss between tank layers by
natural convection, a heat loss removal factor is introduced. Based on the results of previous CFD
investigations, a simple equation is obtained by regression that calculates the heat loss removal factor for a
given temperature gradient in the tank (Fan 2012b). The equation takes into account the influences of tank
volume, tank height to diameter ratio, tank insulation, thickness and property of the tank wall and initial
conditions of the tank, see equation (8).

Gr<0.25: a(1)=0.65-Gr(I)

Tlayer 41T,

G}"([)>025 a([) _ . 1 ln( th_ ([ + 1) Gr(l)xsx+39.503u+1wu D
2.32+1.39D°H+0.116H /D \8.12H +2.23D+4.71/H/D

(eq. 8)
where a(l) is the heat loss removal factor of the ith tank layer;
H is the tank height in m;
D is the tank diameter in m;
Quoss(I+1) is the heat loss from the side of the tank layer /+/ in W/m®.
Thaye(I+1) is the average water temperature in the tank layer I+1, °C;
T, is the ambient air temperature, °C;
Gr(I) is temperature gradient of the ith tank layer in K/m.

Fig. 9 shows the heat loss removal factor as a function of temperature gradient. In the calculation a tank with
a volume of 150 1 and a height to diameter ratio of 5 is used. Water temperature in the tank and ambient air
temperature is assumed to be 80°C and 20°C respectively. It is clearly shown that when there is almost no
temperature gradient (< 5 K/m), the heat loss removal factor lies in the range from 0.1 to 0.7, meaning that
10-70% of the heat loss accumulated in the layer will be transported downwards. In the region where there is
a temperature gradient larger than 5 K/m, the heat loss removal factor is smaller than 0.1, which means that



Fan/SWC 2015/ ISES Conference Proceedings (2015)

only an insignificant part of the heat loss is transported downward.
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Fig. 9 Heat loss removal factor as a function of temperature gradient in the tank.

4.2 Comparison between the measured and the simulated water temperatures

The equation (eq. 8) is implemented in the tank simulation program SpiralSol. Water temperatures calculated
by the program is compared to the measured temperatures. Fig. 10 shows a comparison between the
measured water temperatures and the simulated water temperatures by the programs with and without using
the heat removal factor. The initial condition of the tank is a fully charged tank with a uniform water
temperature of 80°C. The measured water temperatures are shown in curves while the simulated water
temperatures are shown by dots and crosses. After one hour of standby cooling, the water temperature at the
bottom of the tank is decreased to 75°C while there is a temperature decrease of 0.5 K in the rest of the tank.
After 24 hours standby cooling of the tank, the water temperature at the top of the tank was measured to be
66.4 °C. Water at the bottom of the tank was cooled down to 54.6 °C. The program without the heat removal
factor predicts water temperatures of 65.7 °C and 55.7 °C at the top and at the bottom of the tank
respectively. The disagreement between the measured and the simulated temperatures is -0.7 K at the top of
the tank and 0.9 K at the bottom of the tank. With the heat loss removal factor considered in the program, the
prediction accuracy of the program is improved slightly. The error of prediction is decreased to -0.4 K at the
top of the tank and to 0.6 K at the bottom of the tank. The existing disagreement could be explained by the
numerical method of the program. As the tank is divided into 16 layers in the simulation, there is a uniform
temperature in each layer. This is not true in reality. The error could be decreased by increasing the number
of layers in the calculation but it will significantly increase simulation time. The error could also be due to
measurement uncertainty of the heat loss coefficients which are used as inputs in the program.

Fig. 11 shows comparison between simulated water temperatures with and without using the heat loss
removal factor. It is shown that there is a similar improvement after 12 hour, 24 hour, 36 hour and 48 hour of
natural cooling by using the heat loss removal factor.

A comparison between the measured and the simulated water temperatures is presented in Fig. 12 for an
initially stratified tank. There is a good agreement between the simulations and the measurements.
Consideration of the heat loss removal factor in the program makes only insignificantly improvement. This
could be explained by the fact that the heat loss removal factor will be small for a tank with a large
temperature gradient, therefore for a majority part of the tank the difference with and without considering the
heat loss removal factor is marginal.
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Figure 10. Comparisons between measured and simulated temperatures starting with a fully charged tank.
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Figure 11. Comparisons between simulated temperatures starting with a fully charged tank.

It can be concluded that for a fully charged tank the prediction accuracy of the program is improved by
taking into consideration the heat loss removal factor, while the improvement is marginal for an already
stratified tank. Generally there is a good agreement between the simulated and the measured water
temperatures, which documents credibility of the program.

The program is then used to calculate thermal performance of a solar heating system with a solar collector of
2 m’, a tank volume of 150 1 and a daily tapping of 100 liters. The results show that there is a marginal
difference between thermal performance calculated by the program with and without using the heat loss
removal factor. This could be explained by the fact that the tank in most of the time is stratified due to 3
times of hot water tapping per day. In a stratified tank the removal of heat loss between layers is minimized
due to the presence of temperature gradient in the tank.
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Figure 11. Comparisons between measured and simulated temperatures starting with a stratified tank.

5. Conclusions

The downward flow along the tank side wall caused by natural cooling of the tank is investigated by means
of validated CFD models. The results show that the downward flow moves water with colder temperature
down to a lower level of the tank, thus helping to establish thermal stratification in the tank. The magnitude
of the downward flow is significantly influenced by the temperature gradient in the tank. The higher the
temperature gradient in the tank, the lower the downward fluid velocity is. For a fully charged tank there is a
strong downward flow in most of the tank where the temperature gradient is smaller than 5 K/m. For a
stratified tank the downward flow is only apparent in the upper part of the tank where there is a high water
temperature and a low temperature gradient. In the rest of the tank there is limited flow along the tank side
wall.

A heat loss removal factor is introduced in the tank simulation program Spiralsol to quantify the effect of the
buoyancy driven flow on exchange of heat loss between tank layers by natural convection. A generalized
equation of the heat loss removal factor is implemented in the program. The simulated water temperatures in
the tank are compared to the measured ones. The results show that for a fully charged tank the prediction
accuracy of the program is improved by taking into consideration the heat loss removal factor, while the
improvement is marginal for an already stratified tank. Generally there is a good agreement between the
simulated and the measured water temperatures, which documents credibility of the program.

The program is then used to calculate thermal performance of a solar heating system with a solar collector of
2 m? a tank volume of 150 1 and a daily tapping of 100 liters. The results show that there is a marginal
difference between thermal performance calculated by the program with and without using the heat loss
removal factor. This could be explained by the fact that the tank in most of the time is stratified due to 3
times of tapping per day. In a stratified tank the removal of heat loss between layers is minimized due to the
presence of temperature gradient in the tank.
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