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A B S T R A C T

The liquid in an energy storage tank will become thermally stratified during cooling of the tank when the tank is
not charging or discharging. This process is studied here experimentally and numerically. A two-dimensional
model validated against experimental data is used to study the thermal stratification mechanisms during cooling.
The results show that natural convection mainly along the upper side of the cylindrical tank creates a boundary
layer along the sidewall that drives cooled water down the side. The two-dimensional analysis is used to create a
one-dimensional model for the cooling process that is validated against the experimental data. The one-di-
mensional model is then used to investigate the influence of the height to diameter aspect ratio on the cooling
process. A tank with an aspect ratio of 1:1 has the highest energy efficiency, highest exergy efficiency, and lowest
entropy generation during cooling. Further study shows that when the aspect ratio is smaller than 3, the thermal
stratification increases greatly with increasing aspect ratio. Aspect ratios bigger than 3 have little influence on
the thermal stratification.

1. Introduction

Energy storage is an important issue in solar engineering systems
(Zhang et al., 2016). Most previous studies have focused on charging
and discharging of a storage tank (Avallone et al., 2016; Wang et al.,
2017a, 2017b; Yaïci et al., 2013), but the cooling during the night is
more important. This cooling will cause thermal stratification in the
tank which will influence the solar collector system performance
(Chang et al., 2017; Yaïci et al., 2013). Thus, a study on the tank
cooling without charging and discharging is important.

Some studies of the tank charging and discharging processes have
presented simple models for the tank fluid that were validated with
charging and discharging experiments (Baeten et al., 2016). However,
most studies in this area have used CFD simulations (Cabelli, 1977) or
experiments (Padilha, 1983). They have focused on enhancing the
thermal stratification in the water storage tank by proper selection of
the inlet and outlet locations in the tank (Alizadeh, 1999) or by placing
flat plates or obstacles inside the water storage tank (Bouhal et al.,

2017; Erdemir and Altuntop, 2016; Wang et al., 2017a, 2017b). The
charging and discharging processes have been characterized by various
dimensionless numbers such as the Richardson number, Stratification
number, and MIX number to evaluate the thermal stratification in the
tank (Castell et al., 2010). Other parameter like the thermocline
thickness have also been used (Chang et al., 2016) but none of these
parameters are suitable for describing cooling of a storage tank without
charging or discharging.

Studies of storage tank cooling have computational fluid dynamics
(CFD) models to investigate the thermal stratification mechanisms.
Oliveski et al. have done many experiments and simulations of tank
cooling with oil or water in the tank and presented correlations of the
natural convection heat transfer coefficient in a cylindrical tank (De
Césaro Oliveski, 2013; De Césaro Oliveski et al., 2003; Oliveski et al.,
2003, 2005; Rodríguez et al., 2009). However, the Rayleigh number
definition was modified to differ from that for large-scale natural con-
vection, so these results cannot be easily compared with others. Yang
et al. also studied the heat loss process with a comparison of the
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influence of the tank shape on the thermal stratification using the
maximum temperature difference in the tank to evaluate the thermal
stratification effect (Yang et al., 2016). Lin et al. numerically in-
vestigated tank cooling from the side wall which created thermal
stratification even though the top and bottom of the tank were adia-
batic (Lin and Armfield, 1999). A scaling analysis was used to char-
acterize the development of the vertical thermal boundary layer along
the side wall and the stratification in the cylindrical tank. Kursun et al.
studied the influence of rectangular hot water tank position and aspect
ratio on the thermal stratification and showed that the highest tem-
perature difference in the hot water tank occurred for a side angle of
α = 45° and an aspect ratio of D/H = 0.5, but they did not consider
tanks with D/H smaller than 0.5 (Kurşun and Ökten, 2018). They have
also studied the thermal stratification in cylindrical and rectangular hot
water tanks with truncated cones and pyramid shaped insulation
(Kurşun, 2018). Papanicolaou et al. studied tank heating from the side

wall at high Rayleigh numbers (Papanicolaou and Belessiotis, 2002).
The results showed that with an aspect ratio of H/D = 1 and Prandtl
numbers ranging from 2.965 to 5.388, the laminar regime was obtained
for Rayleigh numbers (based on the tank length) up to = ×Ra 5 1013

with turbulent flow for > ×Ra 5 1013. Karatas and Derbentli studied the
natural convection of air in a cavity and presented correlations for the
natural convection heat transfer coefficient for various aspect ratios
(Karatas and Derbentli, 2017).

CFD calculations are very time-consuming and not practical for
long-term simulations. Thus, a simplified one-dimensional model is
needed to simplify the models. A multinode model was validated with
experimental results by Alizadeh (1999) and has been incorporated into
TRNSYS (Thornton et al., 2010; Klein, 1988) for long-term calculations
of the thermal conditions in storage tanks. The disadvantage of this
simplified model is that it does not include buoyancy-driven flow that
results from heat losses which leads to physically inconsistent results

Nomenclature

0 initial state
cp specific heat at constant pressure in the fluid re-

gion,J·kg ·K- 1 - 1

D tank diameter, m
E internal energy, J
e internal energy per unit mass,J·kg - 1

Ex internal exergy, J
ex internal exergy per unit mass,J·kg - 1

g gravitational acceleration, m⋅s−2

Gr Grashof number, =Gr g TL /ref
3 2

h convection coefficient, W⋅m−2⋅K−1

H tank height, m
l reference length, m
M mass of each segment, kg
Nu Nusselt number, =Nu hl/
p pressure, Pa
Pr Prandtl number, =Pr /
q heat transfer, W
Ra Rayleigh number, =Ra PrGr
r radial position, m
U heat loss coefficient,W·m ·K- 2 1

u axial velocity in the fluid, m∙s−1

V tank volume, m3

v radial fluid velocity, m∙s−1

Sgen entropy generation during cooling, J⋅K−1

Sgen entropy generation rate,J·s ·K- 1 - 1

T fluid temperature, K
t time, s
z axial position, m

Subscripts

− average
c cooled water
env ambient
i ith segment
ins insulation
max maximum
min minimum
s side wall
t top wall
w wall

Greek

density,kg·m - 3

µ dynamic viscosity of the fluid,Pa·s
thermal expansion coefficient of the fluid region, K−1

insulation thickness, m
1 thermal energy storage efficiency, %
2 thermal exergy storage efficiency, %
z segment thickness, m

Fig. 1. Experiment tank and temperature measurement points.
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(De Césaro Oliveski et al., 2003; Fan and Furbo, 2012; Fan et al., 2015).
This model was improved by Powell and Edgar (Powell and Edgar,
2013) with an adaptive grid method to make it faster and also fixed the
physically inconsistencies. Cruickshank and Harrison (2010) modeled
the heat loss from a storage tank in another way with different heat loss
coefficients along the tank height measured in experiments that caused
thermal stratification. The model worked well but did not have a clear
physical basis and was hard to apply to designing storage tanks. De
Césaro Oliveski et al. (2003) used the multinode with inverse method
(MI, Klein (1988)) and the multinode with mean method (MM, Franke
(1997)) to simulate the heat losses with the results validated against
CFD results. These methods all fixed the physically inconsistency pro-
blem. However, they neglected the thermal stratification caused by
natural convection near the side wall which is analyzed in this paper.
(Fan and Furbo, 2012; Fan et al., 2015) presented a model to predict the
temperature distribution during the heat loss process based on fitting
parameters from CFD simulations. The thermal stratification caused by
heat losses from the side and the top wall were both taken into account,
but the correlation was quite complex and the method has not been
validated. The maximum temperature difference in the tank and exergy
efficiency have been most commonly used to evaluate the cooling ef-
fects in storage tanks.

This paper analyzes the thermal stratification mechanisms in a cy-
lindrical water storage tank to develop a simple but effective way to
model the heat loss effects in a storage tank. First, the thermal flow
characteristics during the cooling are studied experimentally and with a
two-dimensional analysis. These give dimensionless correlations for the
Nusselt number along the side and top walls. Then, the two-dimen-
sional model results and the thermal stratification mechanisms in the
tank are used to develop a computational model that takes into account
the natural convection near the side wall and the top wall that is va-
lidated with experimental data. Finally, this model is used to study the
heat losses from cylindrical water tanks with various height to diameter
ratios.

2. Experimental apparatus

The experiments were designed to validate the mathematical model
given in Section 3. Fig. 1 shows a diagram of the experimental appa-
ratus. The tests were conducted on a vertical cylindrical tank that was
474 mm tall, had an inner radius of 474 mm, and a wall thickness of
1 mm. The tank was fabricated from stainless steel 304. The tank was
covered with a 20 mm thick layer of glass wool. A wooden base was
used to support the tank.

The temperatures were measured at 11 points with the data re-
corded in a computer once a minute through a data acquisition card.
The temperatures were measured by 1 mm diameter T-type thermo-
couples. An uncertainty analysis considering the temperature mea-
surement error, time effect, and data acquisition card gave a mean
uncertainty of ± 0.1 °C evaluated according to the method prescribed
by Chang et al. (2017). Fig. 1 shows the distribution of the measuring
points in the experiment. The distances of the thermocouples from the
bottom are listed in Table 1.

An 4 kW electrical resistance heater was used to heat the water in
the tank. After heating, the heater was pulled out of the tank. During
the experiments, the tank was allowed to cool starting from 99.5 °C. The
ambient temperature was about 26 °C and did not vary greatly during
the experiments.

3. Thermal flow characteristics during the cooling process

A CFD model was used to study the thermal flow characteristics
during the cooling with the results used to improve the one-dimensional
model. For the case studied in this work, the Rayleigh number at the
beginning based on the tank height was about ×2 1010. Many authors
have used laminar flow simulations to model natural convection in

tanks (Fan and Furbo, 2012; Zhang et al., 2016) and the current con-
ditions were also assumed to be laminar flow (Lin and Armfield, 1999;
Papanicolaou and Belessiotis, 2002). In addition, the flow in the ver-
tical tank was assumed to be axisymmetric; thus, a two-dimensional
laminar model was used.

3.1. Mathematical model

3.1.1. Governing equations
Continuity equation:
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Energy equation:
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A constant specific heat of water of 4180 J/kg/K was used in the
CFD model. The energy equation for the insulation was:

= + +c
T

t
T
z r

T
r

T
r

( ) 1
p ins

ins ins
ins

ins ins ins
,

2

2

2

2 (5)

3.1.2. Boundary conditions
The initial conditions were zero velocities and isothermal tem-

perature (T0 = 99.5 °C).

= = = =u v T T T T0; 0; ; ;ins env0 (6)

The boundary condition for the energy equation along the axis of
the water region was:

= = =u v T
r

0; 0; 0; (7)

The boundary condition for the insulation region along the axis was:

=T
r

0ins
(8)

The no-slip boundary condition and the coupled thermal boundary
condition were imposed on the fluid wall:

= = = =u v T T q q0; 0; ,ins ins (9)

Table 1
Thermocouples locations from the tank bottom.

Thermocouples Height/m

1 0.424
2 0.371
3 0.318
4 0.265
5 0.212
6 0.159
7 0.106
8 0.080
9 0.053
10 0.027
11 0.000
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The boundary conditions along the top, side, and bottom walls of
the thermal insulation layer were modeled with an external convection
coefficient. The sides were:

=T
r

h T T( )ins
ins

env ins env (10)

The top and bottom walls of the external surface were:

=T
z

h T T( )ins
ins

env ins env (11)

Lin et al. used henv set to 2 W/m2/K, but this is much lower than that
measured in this work (Lin and Armfield, 1999). Therefore, the natural
convection coefficient on the air side was modeled using:

= +h T T¯ 0.051( ¯ ) 3.092env env (12)

In the case studied here, the insulation outer surface temperature
was less than 35 °C, so =h 3.6env W/m2/K was used.

3.2. Numerical verification and model validation

3.2.1. Numerical verification
The PRESTO was used to model the pressure terms with the second-

order upwind method used to model the convection terms. The SIMPLE
algorithm was used for the pressure-velocity coupling. The calculation
was considered convergent if the scaled residual for the momentum
equations were all less than 10−3, that of the energy equation was less
than 10−6 and that of the continuity equation was less than 10−3 or the
normalized mass flow residue for any grid volume was less than
10−4 kg s−1. Four types of mesh are studied to validate the mesh in-
dependence with the detailed mesh information listed in Table 2.

Fig. 2 shows the temperature distributions in the fluid region for the
various grid schemes. The distributions in the axial direction at r = 0 m
and in the radial direction at h = 0.257 m are shown in Table 2(a) and
(b). The calculational time was about 1 h. Fig. 2(a) shows that the
curves predicted by the 4 schemes coincide well with each other, but
M3060 was unstable with more integrations for each time step. Thus,
M4080 was selected for the study.

Three time steps of 0.1 s, 1 s, and 2 s were studied. Fig. 3 shows the
temperature distributions along the axial direction in the water region
for the various time steps. The temperature distributions calculated
with time steps of 0.1 s, 1 s and 2 s are consistent, but the 2 s time step
was not stable and required more iterations. Therefore, the time step of
1 s was used for the remaining calculations.

3.2.2. Experimental validation
This model was validated by comparing with the experimental re-

sults. During the tank cooling, the experiments began with a uniform

temperature of 99.5 °C with cooling times of 40 h. The average ambient
temperature during the experiment of 26 °C was used in the CFD si-
mulation. Fig. 4 compares the experimental and two-dimensional
model results. The stratification during the cooling can be observed
from the centerline temperature profile. The predicted temperatures
agree with the experimental data even after 40 h of cooling with the
internal natural convection. As can be seen in Fig. 4(b), for most of the
time, the differences between the predictions and the experimental data
are smaller than 2 K. The temperature profiles in Fig. 4(a) shows a
larger temperature gradient seen near the bottom while the gradient
near the upper side is very small. After cooling for 1 h, the thermal
stratification occupies the bottom 0.05 m of the tank with the tem-
perature gradient near the bottom being about 164 °C/m. At 5 h, the
thermal stratification extends to 0.08 m from the bottom with the
temperature gradient near the bottom being about 143 °C/m. At 15 h,
the thermal stratification extends to 0.16 m with the temperature gra-
dient near the bottom being about 88.6 °C/m. The height of the thermal
stratification region and the temperature gradient near the bottom do
not change much in the next 25 h of cooling.

The maximum temperature difference in the tank shows the thermal
stratification increase in the tank more clearly. The predicted and
measured maximum temperature differences in the tank changes with
time are shown in Fig. 5. The thermal stratification in the storage tank
can be divided into the formation process and the degradation process.
During the formation process, the thermal stratification in the tank
grows quickly during the first 5 h of cooling with the highest thermal
stratification at about 10 h of cooling. The maximum temperature dif-
ference in the tank is about 7.6 °C. Then, thermal stratification in the
tank gradually decreases during the rest of the cooling process with the
degradation process being much slower than the formation process.

3.3. Results and discussion

3.3.1. Evolution of the transient natural convection flow
The transient natural convection flow inside the tank is illustrated in

Figs. 6 and 7. The cooling process can be divided into the transient
regime and quasi-steady regime (Hmouda et al., 2010; Rodríguez et al.,
2009). The velocity fields after cooling for 1 min, 3 min, 4 min, and
7 min are shown in Fig. 6 (Velocities with magnitudes smaller than
0.5 mm/s are not shown). When the sidewall is cooled by heat losses to
the environment, vertical thermal boundary layers develop very rapidly
on the side wall (at 1 min). The cooled fluid near the wall travels down
the wall and interacts with the fluid in the core (at 3 min and 4 min). At
the same time, convective cells form along the top wall and transport
fluid to the core of the tank. The movement of the cold fluid throughout
the tank and the cold stream descending on the side wall continues for
just a short time with much less motion seen near the bottom of the tank

Table 2
Four types of mesh studied.

MESH Scheme Radial direction Axial direction Insulation Time step

M3060 Bi-geometric law
First row space: 0.001 m;
Growth factor: 1.2;
Nodes: 30

Bi-geometric law
First row space: 0.001 m;
Growth factor: 1.2;
Nodes: 60

Bi-geometric law
Growth factor: 1;
Nodes: 5

0.1 s

M4080 Bi-geometric law
First row space: 0.001 m;
Growth factor: 1.2;
Nodes: 40

Bi-geometric law
First row space: 0.001 m;
Growth factor: 1.2;
Nodes: 80

Bi-geometric law
Growth factor: 1;
Nodes: 5

0.1 s

M50100 Bi-geometric law
First row space: 0.001 m;
Growth factor: 1.2;
Nodes: 50

Bi-geometric law
First row space: 0.001 m;
Growth factor: 1.2;
Nodes: 100

Bi-geometric law
Growth factor: 1;
Node: 5

0.1 s

M501001 Bi-geometric law
First row space: 0.001 m;
Growth factor: 1.2;
Nodes: 50

Bi-geometric law
First row space: 0.001 m;
Growth factor: 1.2;
Nodes: 100

Bi-geometric law
First row space: 0.001 m;
Growth factor: 1.2;
Nodes: 10

0.1 s
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after 7 mins.
In this case, most of the cooling is in the quasi-steady regime. In this

regime, the convection near the side and top walls is more intense than
in other locations in the tank, with very little convection near the
bottom (velocities less than 0.5 mm/s) because the temperature of the
bottom wall is lower than the water near the wall, so conduction
dominates at the bottom. The thermal stratification at the bottom is
then mainly caused by conduction. The velocities after cooling for 10 h,
20 h, 30 h, and 40 h are shown in Fig. 7 (velocities smaller than
0.5 mm/s are again neglected).

The natural convection at the top of the tank is caused by heat losses
from the top. The velocity field along the upper side shows the mixing
process that weakens with time as the cooled water near the top goes
down and mixes with the hotter water in the core.

The natural convection near the side wall is caused by the cooling of
the side wall. The velocity fields shown in Fig. 7 show the velocity
boundary layer near the side wall. This boundary layer works like a
channel that transfers the cooled water from the upper part of the tank
to the lower part. This channel becomes shorter as the water in the tank
cools because cooled water generated at the upper side of the tank is

initially much heavier than the hot water near the bottom. Later, as the
tank cools, the temperature near the bottom decreases and less cooled
water reaches the bottom. The result is that the velocity boundary layer
near the side wall becomes shorter as seen in Fig. 7.

3.3.2. Dimensional analysis
Dimensional analysis was used to develop a correlation for the tank

cooling processes. The results show that conduction is more important
at the bottom, so the natural convection at the bottom can be neglected
because the bottom wall temperature is lower than the water near the
bottom. The conditions along the side and top walls of the storage tank
were then analyzed to develop Nusselt number correlations for these
surfaces. Previous tank cooling studies have used different definitions of
the Grashof Number that are used for natural convection in large re-
gions (Oliveski et al., 2003); therefore, the Nusselt numbers for tank
cooling could not be compared for large regions. However, the Nusselt
number and Grashof number are defined here in the same way as for
large regions. For the tank side wall, the Nusselt number and Grashof
number definitions for a vertical plate are used:
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= = =Nu h H Gr g T T H T
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For the top wall, the Nusselt number and Grashof number defini-
tions for a horizontal plate are used:

= = =Nu h L Gr g T T L L A
P

; ( ¯ ) ;t
t

t
t t

t

max
3

2 (15)

Here, Tmax is the maximum temperature along the tank centerline. The
predicted temperatures along the top and side walls were then fit to
develop correlations relating the Nusselt numbers and the Grashof
numbers along the top and side walls. For the side wall:

= × < < × =Nu GrPr Gr r1.6837( ) , 6.3 10 1.3 10 , 0.860.2319 8 10 (16)

For the top wall:

= × < < × =Nu GrPr Gr r0.9629( ) , 1.3 10 1.6 10 , 0.880.2128 7 8 (17)

The correlation coefficients verify the validities of these correla-
tions. The Nusselt numbers for the side and top walls are a little bigger
than in a large space for the same Grashof number (Bergman et al.,
2011; Shiming Yang, 2006). The two-dimensional model results given
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in the previous section can be used to understand the one-dimensional
model introduced in the next section.

4. One dimensional model

4.1. Comparison of the one and two-dimensional models

Commercial software products for simulating solar energy heating
systems use one-dimensional models, the so-called multimode models,
to calculate the thermal behavior of the tank. The tank models are di-
vided into horizontal segments (a simple model) with each segment
modeled using

= +Mc T
t

kA z d T
dz

U A T T( )p
i

t
i

s i env
2

2 (18)

Natural convection is not considered in such simple models, so
thermal inversion can occur. De Césaro Oliveski et al. (2003) showed
that the multinode with mean (MM) and multinode with inverse (MI)
models gave reasonable temperature distributions in the tank. The type
534 model by Thornton et al. (2010) in the Tess Library for TRNSYS
used a model similar to MM. The MM and MI models can predict the
heat losses in the tank because both models both model the mixing near
the top. The MM model mixes the cooled water generated from the top
wall with the hot water near the wall using the mean temperature
among the segments involved in the thermal inversion. The MI mode
realizes this mixing process by interchanging the temperatures of the
segments involved in the inversion.

Natural convection in the tank is caused by the heat loss from top
and side walls. However, the MM and MI models only analyze the
natural convection near the top wall. Therefore, these one-dimensional
models are not complete. The two-dimensional analysis shows that the
velocity boundary layer along the side wall works like a channel to
transfer cooled water from the upper part of the tank to the lower part.

Along the upper side of the tank, cooled water flows down and the heat
loss along the upper side seems to be less than the heat transfer at that
element, U A T T( )s i env . Along the lower side of the tank, the cooled
water from the boundary layer channel mixes with the water along the
lower side of the tank, so the heat loss along the lower side seems to be
more than U A T T( )s i env . Thus, the flow makes the heat loss coefficients
along the tank wall look like they are not the same as expected.

Fan and his colleagues develop a model to predict the temperature
distribution in a storage tank during the heat loss process based on CFD
simulation results (Fan and Furbo, 2012; Fan et al., 2015). Their model
considered the natural convection along both the top and side walls.

Numerical tests were conducted to study the results of the 6 models
listed in Table 3. The validated two-dimensional model results are used
as the reference. The tests modeled a water storage tank with a height
to diameter ratio of 1:1 and a height of 0.474 m. The top and bottom of
the tank were adiabatic to study the thermal stratification caused by the
heat loss from the side wall with a heat loss coefficient along the side
wall of 6 W/m2/K. The tank was cooled from a 99.5 °C for 10 h with an
ambient temperature of 26 °C. The geometric parameters and boundary
conditions are shown in Fig. 8.

There is no perfect insulation for storage tanks (Oliveski et al.,
2005) and the adiabatic boundary conditions used here for the top and
bottom are just a test to show the limitations of these models. Also,
previous simulations of this type of cooling have shown clear thermal
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Fig. 7. Velocities in the tank in the quasi-steady regime.

Table 3
Models tested here.

No. Name Sources

1 CFD This study
2 Simple model –
3 MM De Césaro Oliveski et al. (2003)
4 MI De Césaro Oliveski et al. (2003)
5 Fan's model Fan and Furbo (2012), Fan et al. (2015)
6 Thornton’s model Thornton et al. (2010)
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Fig. 8. Geometric parameters and boundary conditions for the model com-
parisons.
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stratification (Karatas and Derbentli, 2017; Lin and Armfield, 1999;
Oliveski et al., 2005; Papanicolaou and Belessiotis, 2002). In these
numerical tests, the thermal stratification is only caused by heat loss
from the side wall. As can be seen in Fig. 9, the thermal stratification
caused by natural convection near the side wall is not considered in the
MM, MI and Thornton models; thus, no temperature gradient develops
with these methods and their centerline temperature profiles are uni-
form as shown in Fig. 9. Fan’s model gives some thermal stratification
in the tank, but the temperature gradient is much less than that from
the CFD model.

4.2. Augmented computational model

The MM and MI models can simulate the mixing near the top, but
the natural convection near the side is also important. The natural
convection near the side wall transfers cooled water from the upper side
region down to the lower side region. Thus, the heat transport is caused
by mass transport. The two-dimensional model results show that the
velocities during cooling are quite small; thus, the mass transport can
be simplified to a heat transfer model.

This augmented model includes the natural convection effect near
the side wall. As shown in Fig. 10, the storage tank is divided into n
segments with each segment characterized by a bulk temperature and a
cooled water temperature. In the MM, MI and simple models, the heat
losses from the side walls for each segment are calculated based on the
temperature of that segment, U A T T( )s i amb . However, this is not cor-
rect due to the natural convection along the side wall that carries some
of the heat down the tank wall as the cooled water generated near the
side wall flows down the tank through the boundary layer driven by
buoyancy. The cooled water will not stop until it reaches a segment
with the same temperature. The model assumes that the cooled water is
evenly divided into the segments that it passes through in a simple
computational model to simulate the natural convection near the side
wall. The temperature of the cooled water in the boundary layer can be
estimated as:

+
T

T T
2c i

w i i
,

,
(19)

When T Tk c i, and <+T Tk c i1 , , the cooled water from the ith segment
will stop at the kth segment whose density is equal to that of the cooled
water in the ith segment. The heat loss from the ith segment is carried
down by the cooled water and is evenly divided into the segments from
i to k as +

U A T T
k i
( )

1
s i amb , as shown in Fig. 10.

Then, the energy balance equation for segment i can be written as:

= + =
+
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=
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In this model, the heat loss from the side wall is not U A T T( )s i amb

but is
=

U A T T f( )s
j

i
j amb j

1
due to the influence of the natural convec-

tion. The energy balance at the wall gives the cooled water temperature
in the boundary layer as:

+T U T T
h

T( )
2c i

s env i
i, (21)

4.3. Model study and validation

4.3.1. Natural convection coefficient
The natural convection coefficient in the water along the side wall,

h, is an important parameter for the model; thus, the various natural
convection correlations listed in Table 4 were studied here.

The natural convection coefficient on the water side is about 300 W/
m2/K in most cases, so constant natural convection coefficients of 200,

300 and 400 W/m2/K were also tested. Neglecting the natural con-
vection along the side wall (setting h= ∞) gives the same result as the
MM model. Thus, the MM model is a simplified case of this model. The
flow chart for this model is shown in Fig. 11.

The numerical test done in Section 4.1 was used to evaluate this
model with the various natural convection coefficients with the pre-
dicted temperature profiles shown in Fig. 12.

As can be seen in Fig. 12, the temperature distributions predicted by
this model are very close to the results from the CFD simulation. A
higher natural convection coefficient will result in less thermal strati-
fication. When the natural convection coefficient is infinite ( ×1 1010),
this method is the same as the MM method with no thermal stratifi-
cation. Thus, this model can reasonably approximate the natural con-
vection effect near the side wall. The temperatures predicted using the
natural convection coefficients from the first three models in Table 4 all
agree well with the CFD results with differences of less than 0.5 °C. The
natural convection coefficient given by Bergman et al. (2011) give the
smallest differences from the CFD result, so this correlation was used in
the following study.

4.3.2. Experimental validation
The experiment used to validate the two-dimensional model is also

used here to validate this model. The heat loss coefficient from the tank
was calculated as:

=
+

U 1

h
1
env ins (22)

As shown in Fig. 13(a) and (b), the temperature profiles predicted
by this model agree well with the experimental data with most of the
temperature differences between this model and the data being less
than 2 °C. Thus, this model can accurately predict the thermal stratifi-
cation in a water storage tank during cooling.

This model gives a clear understanding of the thermal stratification
process in a cylindrical tank. During most of the cooling, the thermal
stratification is caused by three different mechanisms. First, the heat
loss from the bottom cools the water near the bottom which increases
the thermal stratification near the bottom. Conduction heat transfer is
important in this process. Second, the cooled water generated near the
top of the tank mixes with warmer water near the top so no inverse
temperature gradient develops near the top during the cooling. Models
must consider both of these influences on the thermal stratification to
give acceptable temperature stratification in the tank. The third and
most mentioned process is the natural convection near the side wall.
The heat loss from the side creates a boundary layer near the side that
transfers cooled water from the upper part down to the lower part

Fig. 9. Predicted temperature profiles after cooling for 10 h.
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which creates the thermal stratification. This model includes the con-
duction near the bottom by the one-dimensional heat conduction
through the segments. Natural convection near the top is realized by the
use of the mean temperature among the segments involved in the

thermal inversion. Natural convection near the side is realized by the
model including the heat transport in the boundary layer.

4.4. Application and comparative study

The height-to-diameter ratio of a cylindrical tank is a significant
factor influencing the thermal stratification. Most comparisons of tanks
with different height to diameter ratios have been based on charging
and discharging models (Yaïci et al., 2013). Past experiments and nu-
merical simulations of the charging and discharging processes of hot
water storage tanks have shown that good stratification develops when
the tank aspect ratio was 2–4 (Bouhdjar and Harhad, 2002; Haller et al.,
2009; Park et al., 2013). However, there are few studies comparing the
effect of the height to diameter ratio on the cooling of tanks in standby
mode. Park et al. studied the effect of aspect ratio on the thermal
stratification and heat loss of torus-shaped rock caverns for under-
ground thermal energy storage (Park et al., 2013). Yang et al. studied
the heat loss of tanks with various shapes (Yang et al., 2016).

The cooling of tanks with height to diameter ratios of 10:1, 5:1, 1:1,
1:5 and 1:10 is studied here using the current model. All of the water
tanks were designed with the same volume of 83.6 L as shown in
Table 5. The tanks were made of stainless steel 304 with 1 mm thick
walls and 20 mm thick glass wool insulation layers. The water in the
tanks was initially static with a uniform temperature of 99.5 °C. The
ambient temperatures were all 26 °C.

4.4.1. Thermal energy storage capacity
The thermal energy storage efficiency is defined as the ratio of the

thermal energy stored in a water tank at a given time to the initial
thermal energy stored in the tank.

= E E
E E

env

ini env
1 (23)

where E is the internal energy in the water tank (kJ) calculated as:

=E edV
V (24)

The thermal exergy storage efficiency is defined as the ratio of the
thermal exergy stored in the water tank at a given time to the initial
thermal exergy stored in the tank.

= Ex Ex
Ex Ex

env

ini env
2 (25)

=Ex exdV
V (26)

The exergy was calculated based on a base temperature of
Tenv = 25 °C and a pressure of penv = 0.101325 MPa.

The tank with the smallest height to diameter ratio 1:1 has the
smallest surface area and the smallest heat loss. Thus, as shown in
Fig. 14(a) and (b), the energy and exergy efficiencies of the tank with
H/D = 1:1 are the highest. The tank with H/D = 1:10 has the largest
surface area and the lowest energy and exergy efficiencies. The tank
with H/D = 1:1 also has the biggest storage capacity of all these cases.

4.4.2. Entropy generation
The entropy generation during cooling of a storage tank is (Biswal

and Basak, 2017; Chang et al., 2016; Hoffmann et al., 2017):

= =S
dS

dt
S c T

T
dV; ln( )gen

gen
gen p

0 (28)

Entropy generation minimization is an important tool for optimizing
thermal systems by minimizing the irreversibility measured by the
entropy generation. During cooling, the entropy production is mainly
caused by the entropy changes due to heat losses. The tank with H/
D = 1:1 has the smallest heat loss, so it also has the smallest entropy
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Fig. 10. Augmented computational model.

Table 4
Natural convection coefficients along the side wall.

No. Sources Correlations

1 Heat Transfer (Yang and
Tao, 2006)

× < < ×Gr1.43 10 3 104 9: =h Gr Pr0.59( )H
0.25

× < < ×Gr3 10 2 109 10: =h Gr Pr0.0292( )H
0.39

× < Gr2 1010 : =h Gr Pr0.11( )H
1/3

2 Fundamentals of Heat
and Mass Transfer
(Bergman et al., 2011)

= +
+

h 0.825H
GrPr

Pr
0.387( )1/6

[1 (0.492 / )9/16]8/27

2

3 This study =h Gr Pr1.6837( )H
0.2319

4 Constant h= 200/300/400
5 Infinity h=1010

Fig. 11. Model flow chart.
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generation during cooling, as shown in Fig. 15(a). The entropy gen-
eration during cooling cannot show the thermal stratification in the
cylindrical tank seen by the heat loss analysis. As can be seen in
Fig. 15(b), as the tank cools, the water temperature decreases and the
entropy generation rate slows.

4.4.3. Maximum temperature difference in the tank
The tank shape significantly affects the degree of thermal stratifi-

cation in a cylindrical tank. This phenomenon is illustrated in 0 which
shows the maximum temperature differences for all the water tank
shapes, =T T Tmax max min, over time. These differences reflect the
variation of the thermal stratification over time. As seen in Fig. 16,
increasing the aspect ratio increases the thermal stratification in the
cylindrical tank. The thermal stratification in the tanks with H/D = 5:1

and H/D = 10:1 are almost the same.
The maximum temperature differences during the whole cooling

process are shown in Fig. 17. For H/D < 3, H/D greatly influences the
thermal stratification with higher aspect ratios leading to greater

Fig. 12. Predictions of the model with the various natural convection coefficients.
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Fig. 13. Experimental validation of the computational model.

Table 5
Water tank models.

H/D Height/m Diameter/m Heat transfer surface area/m2

1:10 0.102 1.021 1.966
1:5 0.162 0.811 1.445
1:1 0.474 0.474 1.059
5:1 1.386 0.277 1.328
10:1 2.200 0.220 1.597

Y. Bai, et al. Solar Energy 185 (2019) 222–234

231



(a) Energy efficiency of the tank (b) Exergy efficiency of the tank
Fig. 14. Influence of aspect ratio on the thermal energy storage capacity.

(a) )b(noitarenegyportnE Entropy generation rate 
Fig. 15. Entropy generation during tank cooling.

Fig. 16. Influence of H/D on the maximum temperature difference in a tank. Fig. 17. Maximum temperature difference during cooling.
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stratification. For H/D > 3, the aspect ratio has little influence on the
thermal stratification.

The tank heat transfer area also influences the maximum tempera-
ture difference with Tmax decreasing with increasing heat transfer area
for H/D < 1 and Tmax increasing with increasing heat transfer area for
H/D > 1 as shown in Fig. 18.

5. Conclusions

The cooling of a large water tank used to store heat for later use was
studied experimentally and numerically. A two-dimensional CFD model
was validated against the experiment data and then used to study the
thermal stratification mechanisms during cooling. The cooling process
can be divided into a first short stage of about 4 min in this study with
natural convection throughout the entire tank and a second stage with
natural convection mainly located near the side and top walls. The heat
transfer along the bottom of the tank during the second state was
dominated by conduction. The Nusselt numbers along the side and top
walls were modeled by fitting the numerical results using correlations
similar to those used for natural convection in large spaces. The Nusselt
number for the side wall of the tank was =Nu GrPr1.6837( )0.2319 and for
the top of the tank was =Nu GrPr0.9629( )0.2128. The two-dimensional
study of the thermal stratification mechanisms was then used to de-
velop a one-dimensional model that was validated against the experi-
mental results. Most of the time, the temperature differences between
the one-dimensional model and the experimental data were smaller
than 2 °C. Then, the model was used to analyze the tank temperatures
for height to diameter ratios of 1:10, 1:5, 1:1, 5:1 and 10:1. The tank
with a height to diameter ratio of 1:1 has the highest energy efficiency,
the highest exergy efficiency, and lowest entropy generation during the
cooling process. Further analyses shows that when H/D < 3, in-
creasing the H/D leads to more thermal stratification, while for H/
D > 3, the aspect ratio has little influence on the thermal stratification.
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