
Chapter 4

Solar hot water storage tanks.
Thermal stratification analysis
by means of detailed numerical
simulations

Abstract. The aim of this chapter is the study of thermal stratification of storage tanks by
means of detailed numerical simulations. Two situations are considered: i) the transient ther-
mal behaviour of a horizontal storage tank forming part of a thermosyphon solar heating
system, during its unloading process and, ii) the transient behaviour of a vertical storage tank
with a manifold diffuser under different load conditions. The current state-of-the-art in the
analysis of stratified storage tanks is briefly reviewed and a new exergy-based parameter is
proposed in order to quantify the thermal stratification inside the storage. The current compu-
tational possibilities of three-dimensional Computational Fluid Dynamics (CFD) simulations,
using loosely coupled parallel computers (Beowulf clusters) in the virtual prototyping of ther-
mal storage tanks is also shown. Special attention is given to the validation of the assumed
mathematical model, the verification of the numerical solutions, and the post-processing tasks
carried out in order to quantify the level of thermal stratification. The computational possi-
bilities and limitations of this kind of detailed numerical simulations are pointed out. Most of
the material here presented has been published as [1].
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4.1 Introduction

The loss of stratification in liquid thermal storage tanks is associated with several
factors: the mixing induced by the inlet streams from collector (heat source) or load
(cold source) loops, the heat transfer that may occur through the tank envelope and
insulation, the heat diffusion in the water through the different layers of the fluid
and in the solid parts, among others. The mixing due to the fluid streams entering
the tank either from heat source or from cold source, is with difference, the major
contribution to the degradation of the thermal stratification. In this sense, several
numerical and experimental studies that analyse various alternatives so as to pre-
serve the thermal stratification can be found in the literature [2, 3, 4].

Usually, the stratification of a thermal storage is represented by the transient tem-
perature profiles under different thermal, fluid dynamic and geometric conditions.
However, quantitative measurements of the level of temperature stratification ap-
pear to be an attractive tool for reporting possible improvements in the optimisation
process of these devices in a compact manner. In the last decade, different param-
eters to quantify the degree of thermal stratification have been defined and can be
found in the literature. The most illustrative ones are hereafter reviewed.

Bahnflet and Musser [3, 5, 6] calculated an equivalent loss of capacity (or equiv-
alent loss of tank height) evaluating the capacity lost due to mixing and conduction
during the course of a cycle (charging and discharging). The lost capacity is defined
as the capacity that cannot be removed from a tank due to an outlet temperature
limitation.

They also used the thermocline thickness as an illustrative parameter to charac-
terise the temperature distribution inside the tanks [5]. The thermocline thickness is
defined as the vertical region of fluid inside the tank which contains a thermal transi-
tion layer between warm and cool water volumes. Evaluating the non-dimensional
temperature like in Eqn. (4.1), the thermocline thickness (ht) can be defined as the
distance between the tank positions for which 0.9 ≤ Θ ≤ 0.1.

Θ =
T − Tc

Th − Tc
(4.1)

Although a thicker thermocline is associated with a larger degradation of strati-
fication, this parameter does not reflects how large this degradation is. Furthermore,
this measure can only be used for storages with constant inlet temperature in which
a well-defined thermocline region is present. Thus, it is not appropriated for most of
the situations encountered in solar water systems where the temperature of the heat
source varies continuously along the time.

Davidson et al. [7] and Adams and Davidson [8] proposed a way to measure
the level of temperature stratification by weighting the energy stored by its vertical
location (which is similar to an energetic momentum).
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4.1. Introduction

The dimensionless energetic momentum defined as MIX number is calculated as
a function of the largest and smallest values of the energetic momentum (considering
ideally fully stratified tank and completely mixed tank). These ideal situations are
evaluated using analytical models. The completely mixed tank situation is obtained
by means of a global energy balance in the tank, while the plug flow model [9], is
used to predict tank temperature distribution for the fully stratified situation.

MIX =
Mst − M

Mst − Mmix
(4.2)

Although this parameter considers the transient nature of the inlet profile, it is
only useful when the relative performance of different designs under the same mass
flow rate and thermal conditions are compared. This parameter fails in the compar-
ison between different load (or unload) strategies for the same geometry.

Various works in the literature report that an energy analysis could not be suffi-
cient to compare different temperature distributions [10, 11, 12, 13, 14]. Energy anal-
ysis can not distinguish between tanks with different levels of temperature, even if
these tanks have equivalent energy quantities, i.e. energy analysis can not account
for the degradation of the energy stored. In this sense, the Second Law of Thermody-
namics provides an alternative way to evaluate the quality of the stored energy. The
process of loss of stratification (due to fluid mixing, environment losses, etc.) creates
entropy and, by consequence, a degradation of the energy stored. Exergy analysis
can be then a tool for evaluating this degradation, quantifying its quality. The works
carried out by Rosen [11, 12, 15, 13] are an example of this kind of analysis. In his
works, he has defined an exergy efficiency over a closed system, considering both
charging and discharging processes. Exergy efficiency is then defined as the ratio of
the exergy of the discharge process to the charge process. This parameter shows the
importance of temperature stratification in the performance of the storage tank. The
higher the storage stratification, the higher the value of the exergy efficiency. How-
ever, this parameter is only useful after a complete cycle of charging and discharging
of the store, being difficult to consider the transient nature of the process.

In the present chapter, the stratification process of storage tanks used in solar
thermal systems is under study. Two different situations have been considered: i) the
influence of the inlet mass flow rate in the stratification of an horizontal storage tank
of a thermosyphon water system during its unloading phase and, ii) the influence of
the inlet and initial conditions of the storage during the loading process of a vertical
storage tank with a manifold stratifier. To carry out the study, both situations have
been tested virtually by means of detailed multidimensional computational fluid
dynamics (CFD). The results of the numerical experiments have been post-processed
in order to quantify the level of stratification. From the analysis performed, a new
exergy-based non-dimensional parameter has been proposed.
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The exergy-based parameter quantify the degree of thermal stratification referred
to the ideal limit situations: a fully stratified storage tank without heat diffusion
between fluid layers and a fully-mixed tank. Comparisons with the current state-of-
the-art available strategies to quantify stratification inside the tank have been also
shown.

The current computational possibilities of these kind of simulations, using differ-
ent techniques such as loosely coupled parallel computing (Beowulf clusters), as a
tool for virtual prototyping of thermal storage tanks have been also pointed out.

4.2 Measure of the degree of thermal stratification

In order to quantify the level of thermal stratification in a storage tank, an exergy-
based analysis is hereafter described. Instantaneous exergy of the fluid inside a stor-
age tank can be evaluated as:

Ξ =

∫

Ω

ξ ρ dΩ (4.3)

where the specific exergy (also called flow availability) neglecting kinetic and poten-
tial exergy is obtained from:

ξ = (h − ho) − To(s − so) (4.4)

Enthalpy and entropy at the dead state are indicated with the subindex “o”. The
reference dead state corresponds to the state of thermodynamic equilibrium with
the natural surroundings.

The ideal limit situations, the completely mixed and the fully-stratified storage
models, can provide limiting values for an exergy-based analysis. In the fully-strati-
fied model [9], the tank is divided into a number of uniform temperature layers. The
fluid streams entering the tank are assumed to be placed at the temperature level
most closest in temperature without exchanging heat with the adjacent fluid layers
or those along their path. That is, over a fixed time step, as a volume of water enters
the tank, it is placed at the vertical location which ensures no temperature inversion.
At the same time, the same volume of water is removed from the bottom (or the
top, depending if a load or unload process is considered). After account for the fluid
entering the tank, an energy balance at each fluid layer is carried out to consider
energy losses to the surroundings. Thus, the temperature at the ith fluid layer can be
evaluated by the following equation:

ρicp iΩi
dTi

dt
= −(U S)i(Ti − Tenv) (4.5)
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4.2. Measure of the degree of thermal stratification

On the other hand, the fully-mixed model considers that the entire tank has a
uniform temperature (Tmix) which change in time due to energy losses to the ambi-
ent or due to a net energy addition or withdrawal during the load or unload phases.
The energy balance accounting for these factors gives:

ρcpΩ
dTmix

dt
= ṁincp in(Tin − T ) − U S(Tmix − Tenv) (4.6)

Once the temperature distribution of the ideal limit situations are known, and
based on the exergetic levels of the tank (at the already mentioned ideal limit situa-
tions), a non-dimensional exergy can be defined as:

ξ∗ =
Ξst − Ξ

Ξst − Ξmix
(4.7)

or in an equivalent form as:

ξ∗ = 1 −
Ξ − Ξmix

Ξst − Ξmix
(4.8)

The non-dimensional exergy equals zero for a tank with a temperature distribution
identical to that predicted by a fully stratified model, and it equals 1 if the fluid inside
the tank is totally mixed.

Considering both, density and specific heat constant, the global instantaneous
exergy difference in the actual tank and in a completely mixed tank can be evaluated
as:

Ξ − Ξmix =
∑

cv

cp (Ti − Tmix)ρ Ωi − To

∑

cv

cp ln (Ti/Tmix)ρ Ωi (4.9)

where the summation is extended to all the CVs into which the fluid is discretised.
Tmix is obtained by means of the global energy balance (Eqn. 4.6).

Alternatively, Eqn. (4.9) can be rewritten as:

Ξ − Ξmix = cp [(T − Tmix) − To ln (T̃ /Tmix)]ρ Ω (4.10)

where being Ω =
∑
cv

Ωi:

T =
1

Ω

∑

cv

TiΩi (4.11)

and

T̃ = exp

[
1

Ω

∑

cv

Ωi ln Ti

]
(4.12)
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In a similar manner, the exergy change considering a fully-stratified and a com-
pletely mixed tank, Ξst − Ξmix, can be evaluated from Eq. (4.10). In this case, T st

and T̃st are evaluated as follows:

T st =
1

Ω

∑

cv

Tst,iΩi (4.13)

and

T̃st = exp

[
1

Ω

∑

cv

Ωi ln Tst,i

]
(4.14)

where Tst,i, which only depends on the vertical coordinate, is evaluated by using
the fully-stratified model.

4.3 Definition of the cases

In order to study and quantify the level of stratification of storage tanks, two differ-
ent situations have been considered: i) the unloading process of a horizontal storage
tank (commonly used in thermosyphon solar water systems) under the influence of
different mass flow rates and, ii) the loading process of a vertical storage tank with a
manifold stratifier under different initial and inlet temperature conditions.

4.3.1 Unloading phase case

With regard to the unloading processes, the mass flow rate delivered to the load
depends on the hourly load profiles. Often, daily loads are approximately one ren-
ovation of the tank per day. Usually, the maximum requirement for consumption is
about 20− 30% of the total daily mass flow rate [16, 17]. Considering a domestic hot
water system with a 4 m2 collector area and a 0.3 m3 storage tank ( ∼ 300 l), the peak
mass flow rate could be around 0.0167− 0.025 kg/s (∼ 60− 90 l/h), sometimes even
larger. These peaks of cold water entering the tank can affect its thermal stratification
adversely.

In this chapter, the influence of the inlet mass flow rate from the load loop on the
degree of thermal stratification in a storage tank forming part of a thermosyphon wa-
ter heating system has been analysed virtually. The experimental set-up constructed
by Alizadeh [4] and his results have been considered. The device tested in his work
has been a horizontal tank made of Plexiglas material (chosen so as to allow the vi-
sualisation of the mixing process inside the tank). The top half of the tank has been
externally insulated by fibreglass material. The tank length (H) has been 1.5 m with
an internal diameter (D) of 0.5 m. The Plexiglas material has been 5 mm thick, and
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4.3. Definition of the cases

Figure 4.1: Problem definition. Unloading phase case. Storage tank geometry

(chassis thickness 5mm, insulation thickness 25.4 mm).

the thermal insulation of 25.4 mm thick. At both ends of the tank, there were two
inlet/outlet ports for connection to the solar system. For geometrical details, see Fig.
4.1.

Alizadeh [4] experimentally studied the thermal behaviour of the tank and, based
in the experimental results, proposed a one-dimensional model that accounts for the
mixing effects at the inlet region. Among other aspects, he analysed the unloading
process of the tank and pointed out the influence of different kinds of inlet nozzles
(e.g., straight tubes versus divergent conical tubes).

In this chapter, attention is paid to the unloading process using a straight tube
at the inlet. Reproducing the experimental conditions of [4], the tank has been con-
sidered with an initial constant warm temperature of 42 ◦C. Cold water (20 ◦C) has
been injected at one of the ends of the tank (100 mm from the bottom). In order to
study the influence of the mass flow rate in the formation of the thermocline and
in degradation of stratification, four mass flow rates have been considered: 0.0167,
0.025, 0.05 and 0.1 kg/s (i.e., ∼ 60, 90, 180 and 360 l/h).

4.3.2 Loading phase case

The loading process of a vertical storage tank with a manifold diffuser under differ-
ent situations has been considered. The selected tests have been proposed by David-
son et al. [7]. In their work, they have compared experimentally, two different kind
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Figure 4.2: Problem definition. Loading phase case. Tank geometry and stratifi-

cation manifold details.

of inlets: a drop-tube inlet and a stratification manifold. For both geometries, three
different initial and inlet temperature situations have been analysed. In the work,
the comparison of the performance of each kind of inlet has been based on the MIX
number commented before.

In order to study the load process of the tank, the development of the thermocline
and the degradation of the stratification due to the inlet conditions of the fluid, the
three tests proposed in [7] have been reproduced numerically.

For the virtual tests, the tank considered has been made of 8mm polycarbonate
material with a volume of 0.372m3 (∼ 372 l) and an aspect ratio (H/D) of 2.5. The
tank has been externally insulated with 44mm thick fibreglass material. The rigid
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test Initial temperature Inlet temperature Test duration

[◦C] [◦C] [min]

Test 1 half top tank: 50 30 48

half bottom tank: 20

Test 2 20 50 90

Test 3 20 variable 90

(see table 4.2)

Table 4.1: Problem definition. Loading phase case. Test conditions.

manifold has been made also of polycarbonate with an inlet diameter of 89mm, and
the inlet section of the manifold has a diameter of 25.4mm. The outlet diameter of the
tank has been also of 25.4mm. The stratifier, similar to the used by Davidson et al.
[18], has consisted of a diffuser that reduces the inlet stream momentum and, a man-
ifold distributor with several outlet orifices that force the fluid to exit at the height
most closest to its temperature. Details about the geometry of the tank and the man-
ifold are shown in Fig. 4.2. The storage tank and manifold geometries adopted have
been similar to those studied by [18]. However, some differences can be encountered
due to a lack of data in the description of the experimental set-up in [18]. Although
tank volumes are the same, aspect ratio, insulation thickness and material have been
assumed in the present study. Furthermore, even when experimental tests have been
defined in their work, uncertainties in initial and inlet conditions have been found.
Thus, the numerical study conducted here does not pretend to be an exact reproduc-
tion of the mentioned work, but a study of the thermal stratification behaviour in
this kind of geometry by means of the tests proposed in [18].

In the tests carried out, the mass flow rate has been fixed to 0.07l/s, which is in
correspondence with usual mass flow rates from collector loop in solar water sys-
tems (about 0.01 − 0.02 kg/sm2 of collector area). As the tank is charged the same
mass flow rate is withdrawn from the bottom of the tank. The initial and inlet con-
ditions for each test situation are summarised in Tables 4.1 and 4.2.

4.4 Some remarks about the numerical approach

4.4.1 Unloading phase case

The initial and boundary conditions have been adjusted to the defined problem in
section 4.3.1. The initial temperature of the whole tank has been set to 42 ◦C. A mass
flow rate of cold water at 20 ◦C then, has entered the tank. The ambient temperature
has been fixed at 23 ◦C. The thermal loss of the tank has been modelled consider-
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time [min] Tin[◦C]

0-10 50

10-20 40

20-30 30

30-40 30

40-50 40

50-60 50

60-70 40

70-80 30

80-90 40

Table 4.2: Problem definition. Loading phase case. Inlet temperature profile for

Test 3.

Material

Property Water Plexiglas Insulation

ρ [kg/m3] 996.2 262 60

cp [J/kgK] 4164.4 1050 960

k [W/mK] 0.6155 0.17 0.038

µ [Pa s] 8.07 10−4

β [1/K] 2.76 10−4

Table 4.3: Computational aspects. Thermo-physical properties for the unloading

phase case.

ing standard correlations for mean heat transfer coefficients in isothermal horizontal
cylinders and vertical lateral walls [19]. At the outlet, the injected mass flow rate has
been also imposed, and the temperature derivative has been assumed to be null. The
thermo-physical properties used are listed in Table 4.3.

Because of the symmetrical location of the inlet/outlet ports, the computational
domain selected has accounted for half of the tank. The full tank has been consid-
ered to be insulated. The inlet/outlet ports have been adapted geometrically. The
size of the control volumes (CVs) has been maintained constant throughout the do-
main, except for the zones accounting for the tank’s chassis and its insulation. The
computational grid has been composed of nrxnθxnz CVs. The simulated time has
been discretised using a constant time increment ∆t. For each time step, the itera-
tive convergence procedure has been truncated once the non-dimensional mass and
energy balances (normalised by the total mass of water inside the tank and the in-
let enthalpy flux respectively) have been lower than 0.01, or if the number of outer
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Material

Property Water polycarbonate Fibre-glass

ρ [kg/m3] 994.862 1250 32

cp [J/kgK] 4162.26 1210 835

k [W/mK] 0.6217 0.20 0.038

µ [Pa s] 7.341 10−4

β [1/K] 3.154 10−4

Table 4.4: Thermo-physical properties for the loading phase case.

iterations has been greater than 40.
In the present study, an h-refinement procedure has been performed in order to

verify the numerical solutions. Numerical schemes have been fixed in order to anal-
yse the influence of the mesh spacing and time increment on the numerical solutions
obtained. Three computational meshes of 15x16x34, 30x32x68, 60x64x136 CVs have
been considered. The simulation time has been discretised in time increments of 0.1,
1.0 and 10 seconds. Results about the h-refinement process and the final discretisation
adopted are discussed in further sections.

4.4.2 Loading phase case

According with the definition of the different tests given in section 4.3.2, the initial
and boundary conditions have been adjusted. At the inlet and outlet, the mass flow
rate has been imposed equal to 0.07l/s. Inlet temperature has been fixed according
with Tables 4.1 and 4.2, while at the outlet, temperature derivative has been assumed
null. The ambient temperature has been fixed to 20◦C and the external heat transfer
coefficient has been assumed 10W/m2K . Thermophysical properties for each mate-
rial are given in Table 4.4.

Considering the configuration of the case, the computational domain has been as-
sumed to be axisymmetric. The size of the control volumes has been approximately
maintained constant, except for the zones near the manifold where the geometry
imposes an irregular distribution of the control volumes. An example of the mesh
distribution is shown in Fig. 4.3. The simulation time has been also discretised us-
ing constant time increments of ∆t. For each time step, the iterative loop has been
stopped once the non-dimensional mass and energy balances have been lower than
10−5, or if the number of outer iterations has been greater than 30.

In order to analyse the influence of the mesh spacing in the numerical solution,
three different meshes of 53x191, 87x229 and 174x458 have been considered. Notice
that, in order to describe properly the geometry of the manifold diffuser, a large
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Figure 4.3: Computational aspects. Example of the computational mesh for the

loading phase case. 53x191 CV mesh.

number of CVs have been used in the axial direction. For the time discretisation, time
steps of 0.05, 0.1 and 1 seconds have been considered. The results of the verification
of the solutions using the different space and time discretisation are discussed in
further sections.

4.4.3 Parallel multi-block algorithm

Three-dimensional transient CFD and heat transfer simulations using standard al-
gorithms [20] (such as the ones presented in this chapter) are computationally very
costly. Previous experiences in the study of the phenomena taking place in storage
tanks [21, 22], shown that the resolution of three dimensional domains could be very
expensive in terms of time and computational resources. Considering the unloading
process simulated in this chapter, and the highest level of refinement (i.e. 60x136x64
CV), about 3 million equations must be discretised and solved iteratively for each
time increment. It is estimated that a standard PC running at 1900 MHz will take

106



4.4. Some remarks about the numerical approach

around 3-4 days of CPU time to obtain a numerical solution. This may be consid-
ered disappointing if this kind of numerical simulation is expected to be used as an
alternative tool in the thermal optimisation of storage tanks.

Taking advantage of the emergence of the Beowulf clusters, the development of
parallel algorithms specially designed to be performed in these computational in-
frastructures, seems to be an attractive choice in order to reduce the computational
cost commented above with an acceptable budget.

The parallel multi-block algorithm used in this chapter has been specially con-
ceived to compute fluid flows with a clear parabolic structure [23]. In fact, the infor-
mation transfer among the different blocks has been made in an explicit manner. This
could suppose an inefficient resolution of elliptic problems. The algorithm has been
previously used to solve steady-state problems such as the numerical simulation of
steady-state laminar flames [24], and in the transient numerical simulation of venti-
lated facades [25]. In the first case, the parabolic structure of the flow clearly benefit
the algorithm’s performance. In the second case, although the flow has a global
parabolic structure, the inner geometry of the facade also produced a considerable
complex flow inside the channel. Nevertheless, in both situations, the efficiency of
the algorithm has been very promising. These results have been a motivation for test
it in this kind of problems.

In the multi-block method, the discretised domain has been divided into several
overlapping blocks joined by interpolation schemes [26]. The resulting algebraic sys-
tems of equations have been solved for each block (inner iteration). Once all blocks
have been calculated, information of the interpolation schemes has been transferred
among the different blocks in an explicit manner (outer iteration). This strategy has
allowed the simultaneous solving of several blocks by different CPUs. The proces-
sors communicated only once per outer iteration. Therefore, the communication
work has been notably less costly than the calculation work. This factor benefits the
use of the proposed algorithm in Beowulf clusters. For more details on the parallel
implementation of the code see [23].

An illustrative example of how the multi-block method has been applied can be
seen in Fig. 4.4. The computational mesh has been split into two blocks along the
axial direction. As can be seen, the length of the blocks has been extended with
2 CVs, in order to define the overlapping zone where the information transfer has
been applied. Four CVs have been selected to define these zones in order to maintain
the accuracy of the numerical solutions (please note that third-order schemes have
been employed to evaluate convective terms).

Due to the definition of the overlapping zones, the total number of CVs for a
multi-block discretisation is defined by the following equation:

CVN = CV1 + 4 (N − 1) nr nθ (4.15)

where CVN , is the total number of control volumes for a multi-block discretisation
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Block 2

Overlapping zone

Block 1

Figure 4.4: Illustrative example of multi-block discretisation. Computational do-

main split into two blocks. Definition of the overlapping zone.

with N blocks, and CV1 is the number of control volumes for the single block dis-
cretisation. The increase in the number of CVs is a key factor to be taken into account
when selecting the number of blocks (there is a maximum for a given discretisation),
and when estimating the computational savings resulting from parallelisation.

Computational aspects

Before discussing the computational factors related to the efficiency of the algorithm
in the numerical simulation of the unloading storage tanks processes, some of the
main aspects that affect its use should be mentioned: i) the explicit treatment of the
interpolated boundaries should have a negligible impact on the number of global
outer iterations to converge a time-step; ii) the amount of work carried out for each
processor involved in the resolution should be similar (good load balances); iii) the
communication load between the processors involved should be smaller than their
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Figure 4.5: Parallel multi-block computational features (60x64x136 CV mesh di-

vided into 6 blocks). Percentage of computational cost for each block and for the

their interpolation schemes. Tank unloading phase at a mass flow rate of 0.1 kg/s.

Total simulation time = 24 min. Total computational time = 16 hours.

calculation load.

The first of the properties mentioned above is the most relevant aspect to be anal-
ysed in the present problem. The influence of the number of blocks (into which the
computational domain is split) on the number of outer iterations necessary to solve a
time increment has been studied. In order to do this, the first discretisation has been
considered (15x16x34 CV), solving 2 minutes of the unloading process (from minute
two to minute four). It has been observed that the number of outer iterations does
not increase dramatically. For the single block situation, about 6 outer iterations per
time-step have been needed to compute an accurate enough solution with the con-
vergence truncation criteria exposed in section 4.4.3. If four blocks are employed, the
maximum number of iterations increase, at most, by 35%.

The good numerical performance of the algorithm can be attributed to the local
phenomena of mixed convection that characterised these processes. Although the
flow is incompressible, analysing the velocity field inside the tank, it can be observed
that, as the mass flow rate of water enters the tank, it is rapidly stopped due its
low temperature. The imposition of a mass flow rate at the outlet can benefit the
algorithm’s performance considerably.

Previous experience have shown that the efficient use of the algorithm depends
only on the multi-block discretisation selected (i.e., the load balances). In a previous
work [27] it has been observed that if all blocks have the same number of CVs, less
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computational work is assigned to the first and last blocks. This is because of the
definition of solid CVs at the lateral walls of the tank (tank chassis and insulation),
where mass and momentum fluxes do not require evaluation. For this reason, in this
discretisation, the first and last block have more CVs than the inner blocks, which
have the same number of CVs. In Fig. 4.5, the main computational features of the
simulation are printed for the third discretisation with 6 blocks defined. The compu-
tational work to solve each block and the cost to apply the interpolation schemes are
plotted. It is remarkable that, for each block, the interpolation load has been consid-
erably lower than the calculation load. Moreover, the computational time required
for each block has been approximately the same. On the other hand, this figure also
gives an idea of the communication work carried out in the computation. As can be
seen, it has been considerably lower than the computational load.

With reference to computational savings, it is important to take into account Eqn.
(4.15). Due to the increase in the number of control volumes, ideal computational
savings are limited by the following equation:

csf = (CV1 N) /CVN (4.16)

In this situation (i.e., the third discretisation split into six blocks), the ideal savings
factor (csf ) is 5.32. Taking into account this ideal situation, and analysing Fig. 4.5,
the computational savings obtained can be estimated to be about 5. Using six PCs
of a Beowulf cluster, composed by standard PCs (AMD K7 CPU at 1900 MHz) with a
conventional network (100 Mbits/s 3COM network card and a 3COM switch) run-
ning Debian Linux 2.1 (kernel version 2.7.2.3), the transient computation has been
solved in approximately 16 hours. This is in contrast with the 80 or so hours that the
resolution of this situation could take without the aid of the parallel algorithm.

4.5 Illustrative numerical results and comparison with

experimental data

In any numerical research into heat transfer and fluid flow phenomena applied to the
analysis of thermal equipment, there are two main concepts that must be assessed:
the verification of the numerical solutions and the validation of the mathematical
model (V &V ). This must be dealt with before any conclusions are made from the
numerical results obtained.

The main point of verifying the numerical solutions is to guarantee that the nu-
merical model solved corresponds to the solution of the mathematical model as-
sumed. Discretisation errors produced in the conversion of the mathematical model
to the algebraic equation systems should be estimated [28]. In the validation of the
mathematical model, the appropriateness of the model that is assumed to reproduce
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“reality” should be verified. Details about the verification of the code and the nu-
merical results have been commented in Chapter 3.

In this chapter, an h-refinement procedures have been performed in order to verify
the numerical solutions. Numerical schemes have been fixed in order to analyse
the influence of the mesh spacing and time increment on the numerical solutions
obtained. Hereafter, the results of the verification and validation of the numerical
results for each case considered are discussed.

4.5.1 Unloading phase case

As has been commented before, three computational meshes of 15x16x34, 30x32x68
and, 60x64x136 CVs have been considered. The simulation time has been discretised
in time increments of 0.1, 1.0 and 10 seconds. To validate the mathematical model,
the experimental data reported by [4], corresponding to the defined problem for an
inlet mass flow rate of 0.1 kg/s has been used. Temperature measurements from
three thermocouple stands arranged vertically inside the tank have been provided.
Data has been available for a process lasting 24 minutes, with data acquire every 4
minutes. The accuracy of the temperature measurements has been considered to be
within ±0.1 ◦C.

In order to analyse the influence of the temporal discretisation, the first mesh
(15x16x34 CVs) has been solved for the three time increments commented above.
While noticeable differences appeared when comparing the solutions with time-
increments of 10 and 1 second, lesser discrepancies have been observed when analy-
sing the 1 and 0.1 second increments.

The influence of mesh spacing has been analysed by fixing the temporal discreti-
sation to one second. In Fig. 4.6, the numerical results are compared to the experi-
mental data. The transient vertical temperature distribution at the centreline of the
tank is plotted at six instants of the unloading process. Together with the experimen-
tal data, numerical results for the three meshes selected are presented.

A good agreement with the experimental data is observed. The higher the level
of refinement, the better the experimental agreement. However, the highest level of
discretisation employed could still be insufficient, specially during the first minutes
of simulation. Considerable differences appear among the solutions obtained with
the different meshes. Nevertheless, as the process goes on, the differences between
the second and third meshes are reduced considerably.

From the numerical analysis performed in this section, the numerical solutions
obtained using the third level of discretisation (i.e., 60x64x136 CV) and a time in-
crement of one second, have been assumed to be accurate enough. In general, the
comparisons presented show a convergence to an asymptotical solution as the dis-
cretisation parameters are refined.

111



Chapter 4. Solar hot water storage tanks. Thermal stratification analysis by means of
detailed numerical simulations

20 25 30 35 40

-0.2

-0.1

0

0.1

0.2

r (m)

T (ºC)

t = 4 min

20 25 30 35 40

-0.2

-0.1

0

0.1

0.2

r (m)

T (ºC)

t = 8 min

20 25 30 35 40

-0.2

-0.1

0

0.1

0.2

r (m)

T (ºC)

t = 12 min

20 25 30 35 40

-0.2

-0.1

0

0.1

0.2

r (m)

T (ºC)

t = 16 min

20 25 30 35 40

-0.2

-0.1

0

0.1

0.2

r (m)

T (ºC)

t = 20 min

20 25 30 35 40

-0.2

-0.1

0

0.1

0.2

r (m)

T (ºC)

t = 24 min

Figure 4.6: Computational results vs. experimental data. Transient vertical tem-

perature distribution at the centreline of the tank. Dots, experimental data [4]; solid

line, 60x64x136 CV mesh; dashed line, 30x32x68 CV mesh; dotted line, 15x16x34

CV mesh.

4.5.2 Loading phase case

The influence of the time discretisation has been analysed by solving the first 16 min
of the load process with Test 1 (see Table 4.1) and comparing the numerical results
obtained for the three different time increments. In this case, the first level of refine-
ment (53x191) has been used. For increments considered, the vertical distribution
of temperature at the mean distance between the center of the tank and the vertical
wall at different instants are given in Fig. 4.7.

In general, there are no noticeable discrepancies between solutions obtained with
the different time increments. However, for the largest ∆t a higher number of itera-

112



4.5. Illustrative numerical results and comparison with experimental data

20 25 30 35 40 45 50

0.2

0.4

0.6

0.8

1

1.2

1.4

z*

T [ºC]

t = 16min

35 36 37

0.45

0.5

0.55

z*

20 25 30 35 40 45 50

0.2

0.4

0.6

0.8

1

1.2

1.4

z [m]

T[ºC]

t = 12min

20 25 30 35 40 45 500

0.2

0.4

0.6

0.8

1
z[m]

T[ºC]

t = 4min

20 25 30 35 40 45 500

0.2

0.4

0.6

0.8

1
z[m]

T[ºC]

t = 8min

Figure 4.7: Computational results for different time discretisation. Transient ver-

tical temperature distribution at the mean distance between the center of the tank

and the vertical wall. solid line ∆t = 0.05s; dashed line ∆t = 0.1s; long dashed

line ∆t = 1s. Numerical results obtained for 53x191 CV mesh.

tions per time step to reach convergence has been required. Furthermore, the largest
∆t has been also tested for the finnest meshes observing convergence instabilities as
the mesh is refined.

Concerning to the mesh spacing, Test 1 has been solved for the three meshes
considered and fixing the time step to 0.1 s. In Fig. 4.8 the transient vertical tem-
perature distribution at the center of the tank is compared for the three levels of
refinement. As the mesh is refined, the numerical solutions tends to an asymptoti-
cal value. Major discrepancies can be observed at the first instants, but as the time
marches, differences are considerably reduced. Based on the numerical analysis per-
formed, numerical solutions for the third level of refinement (174x458) with a time
step of 0.1 s has been considered accurate enough to solve the problem.

Concerning the validation of the mathematical model, it has been shown that the
hypothesis assumed for both situations (the unloading case and the loading phase),
regarding its formulation, seems to be acceptable. The numerical solutions obtained
are able to reproduce both processes of the tank properly. Nevertheless, it should be
mentioned that, in some other physical situations involving heat transfer and fluid
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Figure 4.8: Computational results for different mesh discretisation. Transient

vertical temperature distribution at the mean distance between the center of the

tank and the vertical wall at different instants. solid line 174x458 mesh; dashed

line 87x229 mesh; dotted line 53x191 mesh.

flow phenomena in storage tanks, the fluid flow can adopt a turbulent structure. In
those cases, turbulence models should be considered in the numerical simulation
[29, 30].

4.6 Thermal stratification analysis

In a transient three-dimensional numerical simulation, once the numerical solutions
have been obtained, there is a considerable amount of data to be analysed. Qualita-
tive results can be post-processed using commercial visualisation softwares. Thus,
three-dimensional isocountours, two-dimensional sections or just xy-plots, can aid
the designer to analyse the influence of the working conditions or design improve-
ments on the optimum thermal behaviour of the storage equipment. However, in the
optimisation process, quantitative measurements of the level of temperature stratifi-
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t = 24 mint = 20 min

t = 12 min t = 16 min

t = 4 min

T: 294.373 301.248 308.12420 42
T(oC)

t = 8 min

Figure 4.9: Computational results. Isotherms at different time instants and at the

center plane of the tank. Mass flow rate of ṁ = 0.1 kg/s. 60x64x136 CV mesh.

cation appear to be an attractive tool for reporting possible improvements in a com-
pact manner.

4.6.1 Unloading phase case

In addition to the plots shown in Fig. 4.6, illustrative results that describe the un-
loading process simulated are plotted in Figs. 4.9 and 4.10. In Fig. 4.9, isotherms at
different time instants and at the center plane of the tank are presented for one of the
mass flow rates analysed (ṁ = 0.1 kg/s). More detailed information is given in Fig.
4.10, where the transient radial temperature distribution at the center line of the tank
for the mass flow rate of ṁ = 0.025 kg/s is plotted at different axial locations.
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Figure 4.10: Computational results. Transient vertical distribution at tank differ-

ent positions for a mass flow rate of ṁ = 0.025 kg/s. 60x64x136 CV mesh. Dashed

line, t = 20 min; dash-dot line, t = 40 min; dotted line, t = 60 min; dash-dot-dot

line, t = 80 min; solid line, t = 100 min.
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Figure 4.11: Computational results. Transient vertical temperature distribution

at the center line of the tank for different mass flow rates. 60x64x136 CV mesh.

Solid line, 0.0167 kg/s; dotted line, 0.025 kg/s; dashed line, 0.05 kg/s; dash-dot

line, 0.1 kg/s.

The influence of the inlet mass flow rate on the level of temperature stratifica-
tion inside the tank, and the estimation of this property by means of the parameters
mentioned in section 4.2 is hereafter analysed.

The unloading process has been simulated considering four mass flow rates (0.0167,
0.025, 0.05 and 0.1 kg/s). The discretisation defined by the third level of refinement
(i.e., 60x64x136 CV) and a time increment of one second have been used to perform
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the numerical simulations. All cases have been solved for an equivalent time of half
a renovation of the tank. Taking the duration of a complete tank renovation as a
reference (tref = V ρ/ṁ), numerical results are given for non-dimensional instants
(t∗ = t/tref ) of: t∗ = 0.1, 0.2, 0.3, 0.4, 0.5.

In Fig. 4.11, the transient vertical temperature distribution at the center line of
the tank for the four mass flow rates studied is shown. As can be seen, for the three
first mass flow rates (i.e., 0.0167, 0.025 and 0.05 kg/s) the tank is properly stratified
as the process evolves. Please note that for the highest mass flow rate (0.1 kg/s),
the temperature profile at the bottom of the tank differs considerably from the ideal
situation. For ṁ = 0.05 kg/s, temperature distribution is slightly less stratified than
it is for the smallest ones (0.0167 and 0.025 kg/s), while the temperature profiles for
0.025 and 0.0167 kg/s flow rates are quite similar.

In Table 4.5, the degree of thermal stratification is quantified by means of the eval-
uation of the MIX number, the non-dimensional exergy (ξ∗) of the tank and the non-
dimensional thermocline thickness (h∗

t = ht/D). As expected, the degradation of
the stratification is considerably larger for the highest mass flow rate (0.1 kg/s). All
stratification parameters are considerably higher than those observed for the other
three cases (please note that, for an ideal stratified situation MIX = 0 , ξ∗ = 0 and
h∗

t = 0).

0.0167 kg/s 0.025 kg/s

t∗ MIX ξ∗ h∗
t MIX ξ∗ h∗

t

0.1 0.086 0.493 0.230 0.074 0.496 0.220

0.2 0.083 0.377 0.289 0.068 0.348 0.247

0.3 0.081 0.331 0.218 0.060 0.288 0.181

0.4 0.085 0.312 0.233 0.062 0.267 0.194

0.5 0.097 0.310 0.167 0.074 0.265 0.147

0.05 kg/s 0.1 kg/s

t∗ MIX ξ∗ h∗
t MIX ξ∗ h∗

t

0.1 0.106 0.520 0.251 0.114 0.565 0.261

0.2 0.112 0.429 0.409 0.121 0.440 0.342

0.3 0.131 0.401 0.411 0.162 0.447 0.443

0.4 0.132 0.368 0.258 0.205 0.471 0.498

0.5 0.170 0.370 0.158 0.300 0.509 0.498

Table 4.5: Computational results. Non-dimensionless numbers at different instants

for mass flow rates of: 0.0167, 0.025, 0.05 and 0.1 kg/s. 60x64x136 CV mesh.
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With reference to the thermal stratification time evolution, it improves as it ap-
proaches the end of the experiment for all cases but the last one (ṁ = 0.1 kg/s). At
the beginning, since the whole tank is warm, the entrance of the cold fluid provokes
a sudden mixing between cold and warm fluid layers. As time progresses, the bot-
tom of the tank is filled with a cold layer of fluid, and lower temperature differences
are given between the bottom of the tank and the inlet fluid. Therefore, mixing due
to the inlet mass flow rate decreases.

For the mass flow rate of ṁ = 0.1 kg/s, the cold stream enters the tank with a
high momentum, causing a sudden mixing with the bottom fluid layer, as can be
observed in Fig. 4.9. The best results have been obtained for the mass flow rate of
0.025 kg/s, even when mixing due to the inlet stream is expected to be lower for
the smallest mass flow rate (0.0167 kg/s). In this case, the duration of the draw-off
process induces an increase of mixing due to thermal diffusion inside the tank. These
effects can be also observed in Fig. 4.11.

Sometimes, the measurement of the thermocline thickness at the middle of the
tank (h∗

t ) cannot provide a clear estimate of how the whole tank is stratified. Since
the evolution of the temperature inside the tank is three-dimensional, multidimen-
sional distributions of this parameter can help us to clarify its thermal behaviour.
In Fig. 4.12, the variation of the thermocline thickness along the axial direction (z-
direction) at the middle plane of the tank is plotted. As can be seen, specially during
the first moments of simulation, considerable differences appear depending on the
axial position under evaluation. The closer to the inlet zone the larger the thermo-
cline thickness. However, as the process evolves, the axial distribution of the ther-
mocline tends to be constant.

Although, for all situations, the MIX number estimates a good level of tempera-
ture stratification (values near to zero), the value of MIX tends to increase with time
on average. This is due to the way the MIX factor is evaluated. Considering different
stages of the unloading process, equivalent temperature stratifications (proportional
deviations from the ideal situation) do not have the same MIX factor. In this sense,
this value can help us to compare different situations at the same time instant, but it
does not allow to analyse the evolution of the thermal stratification with time.

This limitation can be overcame by analysing the non-dimensional exergy of the
tank. Since its evaluation is independent of the amount of energy stored in the tank,
it allows a better estimation of the transient evolution of the level of temperature
stratification. Observing Table 4.5, it can be seen that at the beginning, the non-
dimensional exergy presents the largest values for all situations. Clearly, the most
mixing takes place at that time. As the tank is progressively unloaded, its value tends
to level out, as the rate of mixing at the inlet becomes considerably diminished.
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Figure 4.12: Computational results. Non-dimensional thermocline thickness for

different tank sections at different instants. 60x64x136 CV mesh. (a) ṁ = 0.0167
kg/s, (b) ṁ = 0.025 kg/s, (c) ṁ = 0.05 kg/s, (d) ṁ = 0.1 kg/s.

4.6.2 Loading phase case

Three different inlet and initial conditions (described in section 4.3.2) during the
loading phase of a storage tank have been analysed. The main objective has been
to evaluate the behaviour of the manifold diffuser under different working condi-
tions and at the same time to carry out quantitative measurements of the degree of
stratification achieved with this device.

In Fig. 4.13 are plotted the vertical temperature distribution at different instants
for each test analysed. Temperature profiles are given at the mean distance from the
center of the tank and the tank wall. In addition, contours of the transient tempera-
ture evolution are plotted in Figs. 4.14, 4.15 and 4.16.

Test 1 (see Fig. 4.14) corresponds with a load process at a constant inlet tem-
perature. As has been described in section 4.3.2, the fluid entering the tank is at a
temperature between the top and bottom temperatures. Under these working con-
ditions, the inlet stream exits at the manifold height corresponding with the most
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closest level of temperature for the fluid in the core. In this sense, the manifold not
only reduces the momentum of the inlet stream but also directs the fluid to its cor-
responding temperature level. However, natural convection between hot and cold
fluid layers inside the tank, provokes a flow recirculation through the manifold ori-
fices located at the half upper part of the tank. These effects can also be observed in
the figure, where the hot fluid at the top of the tank is entering through the manifold
orifices reducing the hot water fluid layer at the top as the process evolves. This re-
sults in an enhancement of the mixing and the growth of the thermocline thickness
(see Fig. 4.13 a). At the end of the test, more than 75% of the tank is filled with water
at a moderate temperature (34 - 40◦C), while almost a 25% remains near the warmest
temperature (50◦C).
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Figure 4.13: Computational results. Loading phase case. Transient vertical tem-

perature evolution at the center line between the cylinder axis and the tank wall.

(a) Test 1; (b) Test 2; (c) Test 3
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In Test 2 (see Fig. 4.15), the tank initially at uniform cold temperature, is charged
at a constant warm temperature. Ideally, the charging period duration is about 90
min, and at the end of the test the tank must be completely filled with water at the
inlet temperature (for test conditions, 50◦C).

t = 4 min t = 16 mint = 8 min

22 30 38 46
T [ºC]

5020

t = 24 min

t = 32 min t = 36 min t = 40 min t = 48 min

Figure 4.14: Computational results. Loading phase case. Transient temperature

profiles for Test 1. 174x458 CVs mesh.

As in Test 1, the manifold reduces the momentum of the inlet stream and dis-
tributes the inlet fluid at its corresponding temperature level. During the first in-
stants, the hot fluid exits the manifold at the highest possible location (see Fig. 4.15).
However, as this position is at a certain distance from the top wall of the tank, a
mixing between hot and cold fluid occurs in almost the 25% of the top volume of the
tank. As the charging process continues, the thermocline region is developed, but
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its thickness has been conditioned by the initial mixing process. This has been also
observed by Cònsul et al. [31]. In their work, they studied the effects of the position
of the manifold in the thermocline thickness, and concluded, among other things,
that during the charging process at constant temperature, the larger the inlet section
of the manifold, the thicker the thermocline.

t=10 min t=20 min t=40 min

18 26 34 42

t=50 min

T[ºC]
20 50

t=60 min t=70 min t=80 min t=90 min

Figure 4.15: Computational results. Loading phase case. Transient temperature

profiles for Test 2. 174x458 CVs mesh.

At the end of the theoretical charging process (the end of the test, see Fig. 4.15),
the tank has not been fully-charged. This is mainly due to the mixing that occurs
during the formation of the thermocline, as has been commented above. As can be
observed in the figure, around a 35% of the tank is at a temperature between 30 -
45◦C.
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Figure 4.16: Computational results. Loading phase case. Transient temperature

profiles for Test 3. 174x458 CVs mesh.

In Test 3, see Fig. 4.16, the inlet temperature varies with time. Then, the fluid
enters the tank at different heights depending on its temperature. The recirculation
effects through the manifold orifices due buoyancy forces has also been observed.
However, as most of the time, temperature differences between the top and bottom
of the tank are not as larger as in Test 2, the mixing is moderate. In spite of the
adversely inlet conditions, at the end of the process the level of stratification achieved
is acceptable.

In addition to the plots given, in Table 4.6, the level of stratification is quantified
by means of the evaluation of the MIX number and the non-dimensional exergy (ξ∗).
As can be observed, both non-dimensional parameters show the same trend. For
Test 1, as has been commented before, a degradation of the stratification occurs as
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Test 1

t [min] MIX ξ∗ t [min] MIX ξ∗

4 0.066 0.172 28 0.178 0.264

8 0.077 0.193 32 0.201 0.273

12 0.093 0.21 36 0.223 0.277

16 0.110 0.227 40 0.241 0.288

20 0.132 0.243 44 0.257 0.296

24 0.155 0.255 48 0.271 0.316

Test 2 Test 3

t [min] MIX ξ∗ t [min] MIX ξ∗

10 0.92 0.548 10 0.92 0.548

20 0.78 0.43 20 0.847 0.456

30 0.65 0.33 30 0.80 0.452

40 0.52 0.27 40 0.766 0.442

50 0.39 0.245 50 0.70 0.383

60 0.27 0.213 60 0.58 0.321

70 0.171 0.198 70 0.54 0.306

80 0.101 0.188 80 0.563 0.29

90 0.06 0.182 90 0.543 0.289

Table 4.6: Computational results. Loading process. Non-dimensional parameters

at different instants for the three load tests. 174x458 CVs mesh

the process evolves. The mixing enhancement produced by buoyancy forces reduces
gradually the hot fluid layer at the top of the tank, which is reflected in the increase
of the non-dimensional exergy.

In Tests 2 and 3, the trend is to increase the level of stratification (ξ∗ → 0) once the
sudden initial mixing has occurred. In Test 2, the development of the thermocline
tends to level out the mix between hot and cold fluid layers. In this case, as more
fluid is introduced, the thermocline region is pushed down leaving at the top, a
region of uniform temperature and thus, decreasing the mixing at the inlet zone.
With reference to Test 3, after the initial mixing, the difference between temperature
of the fluid entering the tank and the fluid at the core is lower. This is reflected in
a gradual reduction of the mixing phenomena. The evolution to a certain level of
stratification at the end of this test, is quantitative reflected in the decreasing of the
non-dimensional exergy.
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Further comments

Analysing the results obtained for both situations studied, the charging and dis-
charging of the storage, it is noticeable that in some situations non-dimensional ex-
ergy and MIX numbers do not show the same trend. This contradictory behaviour
seems to be related with the fact that MIX number is referred to the energy content in
the tank and, with the relative position of the thermocline in the tank (it seems to de-
pend whether the thermocline is moving upwards or downwards the tank). As has
been studied by Rosen [13], storage tanks with the same amount of energy stored,
could have different level of stratification. Thus, energy-based analysis of stratifica-
tion could fails in the quantitative measurement of the degree of stratification.

On the other hand, en exergy-based analysis is capable of quantifying the max-
imum potential associated with the incoming thermal energy. Energy losses to the
environment and mixing due to inlet streams degradate the quality of the energy
stored in a tank in the sense that it could not be useful at the temperature at which
it has been input to the tank. In this kind of process, where energy analysis are
not capable of identifying process inefficiencies, exergy-based analysis can provide
a tool for evaluate the quality of the energy stored and thus, the quantification of the
degradation of stratification in storage tanks.

4.7 Conclusions

In this chapter the performance of thermal storage tanks under charging and dis-
charging phases has been studied. The methodology followed from the definition
of the problem, the assumption of a mathematical model, its conversion into a nu-
merical model, and the analysis of the numerical solutions obtained have been also
shown. A particular emphasis has been given to the verification of the numerical
solutions and the validation of the mathematical model.

For the unloading process, considering the geometry of the problem, the case
for different mass flow rates has been solved using three-dimensional cylindrical
meshes. In this case, taking into account the high computational cost to solve this
domain, parallel multi-block techniques have been used. Taking advantage of “low
cost” parallel computational infrastructures (Beowulf clusters), and the use of appro-
priate algorithms to be performed on these computers, the inherent computational
cost of this kind of simulations can then be reduced considerably. In this chapter,
the computational performance of an algorithm based on the multi-block method
for the numerical simulation of storage tanks has been shown, pointing out the com-
putational savings obtained for this kind of situations.

Different ways of quantify the degree of thermal stratification have been reviewed
and a new exergy-based non-dimensional parameter has been proposed. The use-
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fulness of this parameter has been discussed on the basis of comparisons with other
parameters employed in the literature. This analysis has been carried out for both
situations proposed (i.e. for the unloading and for the loading process of thermal
storage tanks). According with the results, the non-dimensional exergy parameter
proposed reflects in a quantitative manner the behaviour and performance of the
stores. In this sense, this parameter, based on exergetic analyses can aid in thermal
storage design, assessing the comparative value of different storages design. This is
especially important due to in solar systems, energy stored is more useful if it can be
recovered at the same temperature at which it has been stored. Thus, exergy-based
analysis is an useful tool, providing a method for measure thermal performance in
this kind of equipment.

Nomenclature

cp specific heat at constant pres-
sure (J/kg K)

S area (m2)

D tank internal diameter (m) s specific entropy (J/kg K)
h specific enthalpy (J/kg ) T temperature (K)
ht thermocline thickness (m) Tc cold temperature (K)
h∗

t non-dimensional thermocline
thickness

Tenv ambient temperature (K)

k thermal conductivity (W/m K) Th hot temperature (K)
H tank length / height (m) t time (s)
M energetic momentum (J m) t∗ non-dimensional time
ṁ mass flow rate (kg/s) tref reference time (s)
N number of blocks U overall heat transfer coefficient

(W/m2K)
n number of control volumes

Greek letters:
β thermal expansion coefficient (K−1) ξ specific exergy (J/kg)
Θ non-dimensional temperature ξ∗ non-dimensional exergy
µ dynamic viscosity (Pa s) Ω volume (m3)
Ξ exergy (J) ρ density (kg/m3)
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Subscripts:

i ith tank control volume r radial direction
in inlet conditions st stratified tank
mix mixed tank z axial direction
o dead state θ azimuthal direction
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Chapter 5

Parametric study of the transient
natural convection inside
storage tanks. Global models
analyses

Abstract. In the present chapter, the transient cooling of a fluid initially at rest, inside a

storage tank submitted to heat losses to the ambient is studied. In order to identify the rele-

vant non-dimensional groups that define the transient natural convection phenomenom that

occurs, a non-dimensional analysis is carried out. The long-term behaviour of the fluid is

modeled by formulating a prediction model based on global balances. A parametric study by

means of several multidimensional numerical simulations led to correlate the Nusselt number

and the transient mean fluid temperature, to feed the global model proposed. Special attention

is given to the appropriateness of the spatial and time discretisation adopted, the verification

of the numerical solutions and the post-processing tasks in order to obtain the correlations.

The most relevant particularities of the numerical model developed are also pointed out.
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.

5.1 Introduction

The performance of a thermal energy storage tank is significantly affected by the
natural convection and associated heat transfer during charging and dischanging
phases as has been analysed in previous chapter, but also during its still phase, where
the heat exchange with the surroundings is the main mechanism of fluid movement
inside the store. Thus, an effective optimisation of these devices requires an exten-
sive knowledge of the heat transfer mechanism between the fluid and the environ-
ment.

Due to its importance for many practical applications, the transient process of
cooling (or heating) a fluid inside an enclosure under natural convection, has been
widely treated in the literature. However, most of the studies conducted have been
focused on rectangular enclosures with imposed vertical wall temperatures on steady
state situations [1, 2, 3] or considering the transient response of the fluid [4, 5].

On the other hand, cylindrical geometries have received lesser attention. Among
the earlier studies can be cited the work conducted by Hyun [6]. He studied the
transient mechanism of heat-up a fluid inside a cylinder initially at rest, submitted
to a linear temperature gradient at the side wall. Raithby and Hollands [7] in their
review cited the experimental studies done by Evans and Stefany about the tran-
sient response of fluids inside vertical and horizontal enclosures following a step
change in wall temperature. These authors correlated the empirical data obtained in
the quasi-steady regime to a single expression of the Nusselt number as a function
of the Rayleigh number. Cotter and Charles [8, 9], in two papers, studied the tran-
sient natural convection of crude oil in a large vertical cylinder, presenting results
of the time dependence of the Nusselt number and fluid temperature for several oil
viscosities and aspect ratios.

More recently, Lin and Armfield [10] studied the transient response of the fluid
in a vertical cylinder after a step change in the temperature wall until the stratifi-
cation stage is reached. After this study, these authors [11] analysed the long-term
behaviour of the cooling process in a vertical cylinder with fixed walls tempera-
tures. Oliveski et al. [12] investigated the cooling of a vertical storage tank consid-
ering both, the tank and the insulation material. They considered different aspect
ratios, insulation thicknesses for two different tank volumes and correlated the Nus-
selt number to the aspect ratio, the mean fluid temperature and the overall heat
transfer coefficient for each tank volume studied. Although these correlations can
be very useful, it is difficult to extrapolate their results to other situations than those
exposed in the work. The lack of a non-dimensional analysis together with the fact
that the correlations proposed were written as a function of dimensional parameters
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limit the range of application of these correlations to the specific cases presented.
Papanicolaou and Belessiotis [13] analysed numerically the natural convection in a
vertical cylinder with an imposed constant heat flux in its lateral surface, comparing
also their numerical results for the transient temperature in the core of the cylinder,
with an analytical expression given in the literature.

Considering the importance of the still phase within the different working regi-
mes of storage tanks and the scarce information about this phenomena, the present
study attempts to investigate, by means of numerical CFD simulations, the transient
natural convection inside a vertical storage tank submitted to heat losses to the en-
vironment. The behavior of the fluid has been characterised and a global model has
been presented. In order to obtain the main coefficients needed for these kind of
global models, a non-dimensional analysis has been performed. From this analysis,
the relevant non-dimensional groups that define the problem have been identified.
Scaling relations to correlate the heat transfer coefficient to the relevant parameters
have been proposed. A parametric study has been carried out in order to adjust
the results of the detailed numerical simulations to the heat transfer relations. This
parametric study has allowed to cover a wide range of working conditions of storage
tanks in solar domestic hot water systems.

5.2 Problem definition

In an attempt to investigate the transient phenomena that takes place during the
cooling down of vertical hot water storage tanks used for solar domestic hot water
systems, different tank parameters and working conditions have been studied. The
solar storage tanks usually used in small domestic systems (i.e. collector areas up to
6 m2, with tank volumes up to 0.4 m3), are within the range of aspect ratios H/D =
1.5 ÷ 3.5.

The tank under study, has been made of 3mm of stainless steel wall and thermal
insulation of fibber glass. An schematic of the vertical cylindrical storage tank is
shown in Fig. 5.1. Different tank volumes Ω = 0.1 ÷ 0.4 m3, with aspect ratios from
H/D = 1 ÷ 3.45 and, insulation thickness varying within the range δins = 0 ÷ 0.04
m have been considered. These values cover most of the aspect ratios and insulation
thicknesses used in commercial storage tanks.

The tank has experienced a cooling process due to a temperature gradient be-
tween the fluid and the ambient. Taking into account that the service water temper-
ature in domestic hot water applications is around 60◦C, initial temperature of the
tank, including solid walls and insulation material,has been considered in the range
of T0 = 40 ÷ 70◦C. Ambient temperature has been fixed to Tenv = 20◦C during
the whole cooling process, while two different convection heat transfer coefficient
between the external tank wall and the ambient have been considered: hext= 2 and
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δinsδt

Detail A

D/2

H

detail A

Figure 5.1: Problem definition. Schematic of the geometry of the storage tank

under study.

10 W/m2K .

5.3 Global model analysis

The aim of the study is to characterise the transient behaviour of the fluid inside
the storage tank, evaluating the long-term variation of its mean temperature and the
heat losses to the environment. According with this objective and considering the
problem defined in the previous section, a simplified mathematical model has been
formulated. The following conditions and hypothesis have been considered:

• The tank has been modeled as divided into N layers of fluid

• Thermophysical properties have been taken constant and have been evaluated
at the mean temperature between the ambient and initial fluid temperature
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• One-dimensional heat losses (through the walls and the insulation) being mod-
eled by an overall heat transfer coefficient between the inlet wall and the am-
bient (U ).

• The energy storage capacity of solid walls has been neglected

Taking into account the assumptions outlined, an energy balance for the kth fluid
layer of the tank can be formulated as:

∫

Ωk

ρcp
∂T k

∂t
dΩ +

∫

∂Ωk

ρcpTk
−→v −→n dS = −

∫

∂Ωk

−→q · d
−→
S = −Q̇k

loss (5.1)

The heat losses through the walls (Q̇k
loss) can also be expressed in terms of a su-

perficial heat transfer coefficient between the wall and the fluid or in terms of the
overall heat transfer coefficient between the wall and the ambient as:

Q̇k
loss = hk(T k − Twk)Sk = Uk(Twk − Tenv)Sk (5.2)

The system of equations that results from the above formulation can be solved if
the values of the heat transfer coefficients (hk) and the advective fluxes between the
layers (second integral term in the left hand side of the balance) are known. These
values can be obtained either from the literature, from experiments or by means of
detailed numerical simulations. This question is addressed in further sections.

5.3.1 One-temperature level global model

The global energy balance presented (Eqn. 5.1) can be written considering only one-
temperature level, i.e. N = 1. For this particular case, Eqn. 5.1 reads:

ρcp
∂T

∂t
Ω = −

∫

∂Ω

−→q · d
−→
S = −Q̇loss,B − Q̇loss,H − Q̇loss,T (5.3)

Equation 5.3 expresses that the transient variation of the mean temperature in the

tank equals the energy losses through the top (Q̇loss,T ), bottom (Q̇loss,B) and lateral

(Q̇loss,H) walls. In a similar manner as Eqn. 5.2, these heat losses through the walls
can be evaluated as:

Q̇loss,B = hB(T − TwB)SB = UB(TwB − Tenv)SB (5.4)

Q̇loss,H = hH(T − TwH)SH = UH(TwH − Tenv)SH (5.5)

Q̇loss,T = hT (T − TwT )ST = UT (T wT − Tenv)ST (5.6)
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where UH , UB and UT are the overall heat transfer coefficients between the inner
wall of the tank and the ambient for the vertical, bottom and top walls respectively.
These coefficients can be calculated (referred to the inner wall) as:

UH =

[
0.5D

kt
ln(

rt

0.5D
) +

0.5D

kins
ln(

rins

rt
) +

0.5D

rins

1

hextH

]
−1

(5.7)

UB =

[
δt

kt
+

δins

kins
+

1

hextB

]
−1

(5.8)

UT =

[
δt

kt
+

δins

kins
+

1

hextT

]
−1

(5.9)

where rt and rins are defined according with Fig. 5.1 as: rt = 0.5D + δt and
rins = rt + δins.

Re-writting Eqns. 5.4 to 5.6 as a function of the mean fluid temperature and the
ambient, and eliminating wall temperature:

Q̇loss,B =
UBhB

UB + hB

(T − Tenv)SB (5.10)

Q̇loss,H =
UHhH

UH + hH

(T − Tenv)SH (5.11)

Q̇loss,T =
UT hT

UT + hT

(T − Tenv)ST (5.12)

Thus, Eqn. 5.2 finally reads:

ρcp
∂T̄

∂t
Ω = −

(
UBhBSB

UB + hB

+
UHhHSH

UH + hH

+
UT hT ST

UT + hT

)
(T − Tenv) (5.13)

If it is assumed that the external heat transfer coefficient (hext) is nearly the same
for the top, bottom and lateral walls (hextH ≈ hextB ≈ hextT ≈ hext), the values of the
overall heat transfer coefficient will also be nearly the same (UT = UB ≈ UH = U ),
then using an unique superficial heat transfer coefficient to characterise heat losses
through the walls (h), Eqn. 5.13 reduces to:

ρcp
∂T̄

∂t
Ω = −

(
UhS

U + h

)
(T − Tenv) (5.14)

The above equation can be easily integrated, mathematical o numerically, if the
value of the transient heat loss coefficient (h = f(t)) is known.
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5.4 Detailed numerical experiments for the global model

The global model presented in previous section is quite simple and easy to solve. The
main problem of these kind of global models is the lack of empirical data (or corre-
lations) about the transient heat transfer coefficients to feed them properly. In this
section, in order to find the information needed to feed-back the model, a paramet-
ric study of the problem has been carried out. As a first step, the non-dimensional
groups that define the case have been identified by means of a non-dimensional
analysis of the situation presented. After that, the results of the several detailed nu-
merical simulations of the thermal and fluid dynamic behaviour of the storage tank
have been adjusted to find the heat transfer relations.

5.4.1 Non-dimensional analysis

The governing equations presented in section 2.2 have been non-dimensionalised by
substituting:

−→r = −→r ∗ Lref ; −→v = −→v ∗ vref ; T = Tenv + Θ∆Tref ;

p = ρv2
refp∗; t =

τLref

vref

where the characteristic dimension of the body, reference velocity and tempera-
ture have been assumed as:

Lref = H ; vref =
α

Lref
;

∆Tref = T0 − Tenv; Tref =
(T0 + Tenv)

2.0

Thus, governing equations in their non-dimensional form can be written as:

∇ · −→v ∗ = 0 (5.15)

D−→v ∗

Dτ
= −∇p∗ + Pr ∇2−→v ∗ − Ra PrΘ (5.16)

DΘ

Dτ
= ∇2Θ (5.17)

From the definition of the problem described in section 5.2, heat transfer between
the tank and the ambient has been defined by a given superficial heat transfer coeffi-
cient between the walls and the ambient (hext) and a constant ambient temperature
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(Tenv). Taking into account the symmetry of geometry and boundary conditions, the
domain has been assumed axisymmetric. For this situation, the non-dimensional
initial and boundary conditions have been defined as follows:

−→v ∗ = 0 , Θ = Θ0 at (τ = 0 , r∗ , z∗)

v∗r = 0 ,
∂v∗z
∂r∗

= 0 ,
∂Θ

∂r∗
= 0 at (τ > 0 , r∗ = 0 , z∗)

−
∂Θ

∂r∗
=

heH

kins
Θ at (τ > 0 , r∗ =

D/2 + δt + δins

H
, z∗) (5.18)

−
∂Θ

∂z∗
=

heH

kins
Θ at (τ > 0 , r∗ , z∗ = 0 , z∗ = 1 +

2.0(δt + δt)

H
)

With the aim of identifying the relevant non-dimensional groups that govern the
behaviour of the fluid, the heat transfer through the walls and insulation has been as-
sumed one dimensional and normal to the wall surfaces, neglecting the heat transfer
in the other directions. Writing the boundary conditions only for the fluid domain:

−→v ∗ = 0 , −
∂Θ

∂r∗
=

UHH

k
(Θ +

1

2
) at (r∗ =

D

2H
, z∗)

−→v ∗ = 0 , −
∂Θ

∂z∗
=

UBH

k
(Θ +

1

2
) at (r∗ , z∗ =

δt + δins

H
)

−→v ∗ = 0 , −
∂Θ

∂z∗
=

UT H

k
(Θ +

1

2
) at (r∗ , z∗ = 1 +

δt + δins

H
)

(5.19)

From the boundary conditions in non-dimensional form appears the aspect ratio
(H/D) and a dimensionless group referred to the overall heat transfer coefficients at
each wall:

ÛH = UHH/k ÛB = UBH/k ÛH = UT H/k (5.20)

Then, considering governing equations and boundary conditions for the prob-
lem analysed, the fluid temperature inside the store depends on the following non-
dimensional groups:

Θ = f(−→r ∗, τ , Ra, ÛH , ÛB , ÛT , H/D, Pr) (5.21)
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The Nusselt number

Heat losses through bottom, lateral and top tank walls can be evaluated as:

Q̇loss, B =

∫

∂ΩB

k

(
∂T

∂z

)

r,z=δt+δins

dS (5.22)

Q̇loss, H = −

∫

∂ΩH

k

(
∂T

∂r

)

r=D/2,z

dS (5.23)

Q̇loss, T = −

∫

∂ΩT

k

(
∂T

∂z

)

r,z=δt+δins+H

dS (5.24)

or in terms of an average heat transfer coefficient, as has been defined by Eqn.
5.2.

Combining the above expressions and using non-dimensional variables, the di-
mensionless heat transfer coefficient at each wall, i.e. the Nusselt number, can be
defined as:

NuB =
hBH

k
=

1

(ΘB − ΘwB)S

∫

∂ΩB

(
∂Θ

∂z∗

)

B

dS (5.25)

NuH =
hHH

k
=

1

(ΘH − ΘwH)S

∫

∂ΩH

(
∂Θ

∂r∗

)

H

dS (5.26)

NuT =
hT H

k
=

1

(ΘT − ΘwT )S

∫

∂ΩT

(
∂Θ

∂z∗

)

T

dS (5.27)

The Nusselt number is a function of the non-dimensional fluid and wall temper-
atures. Thus, considering the above analysis and the dependence of the temperature
with the relevant non-dimensional groups identified, in a general sense, the Nusselt
number can also be expressed as a function of those parameters as:

Nu = f(τ , Ra, ÛH , ÛB , ÛT , H/D, Pr) (5.28)

or if it is assumed that the overall heat transfer at each walls is nearly the same,
i.e. UT = UB ≈ UH = U :

Nu = f(τ , Ra, Û , H/D, Pr) (5.29)
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5.4.2 Parametric study

In order to find the proper correlations between the heat transfer coefficient and tem-
perature with the relevant non-dimensional groups that characterise the problem, a
parametric study has been carried out by means of the resolution of detailed numer-
ical CFD simulations.

The study has accounted for the variation of the different relevant non-dimen-

sional groups, i.e. Ra, H/D, Û . As governing equations have been solved in di-
mensional form, these parameters have been defined from the dimensional problem
parameters (the insulation thickness δins, the initial fluid temperature T0, the ambi-
ent temperature Tenv , the tank volume Ω, etc.). Therefore, values for each parameter
have been considered within the ranges defined in section 5.2. Four different val-
ues for the aspect ratio H/D = 1, 2, 3, 3.45; six values for the initial temperature
T0 = 40, 50, 55, 60, 65, 70 ◦C; four for the insulation thickness δins = 0, 0.01, 0.02, 0.04
m; four for the tank volume Ω = 0.1, 0.2, 0.3, 0.4 m3 and two for the external heat
transfer coefficient hext = 2, 10 W/m2K have been used. Ambient temperature in
all situations has been set to Tenv = 20◦C. These account for Ra = 4.8 · 1011 ÷ 1013,
H/D = 1 ÷ 3.45 and Û = 0.78 ÷ 26.6.

Taking into account that the total amount of cases considered for the paramet-
ric study equals 768, and that in terms of computational effort the resolution of the
transient cooling process of all cases could be very costly, a further selection has
been performed. First, for a fixed tank volume Ω = 0.3 m3 and initial temperature
T0 = 60◦C, all other situations have been considered (i.e. a total of 32 cases consider-
ing four aspect ratios, four insulation thickness and two external heat transfer). After
that, for the aspect ratio of H/D = 3.45, initial temperature of T0 = 60◦C and insu-
lation thickness of δins = 0.01 m, four tank volumes have been considered. Then,
fixing the insulation thickness to δins = 0.02 m, the tank volume Ω = 0.3 m3 and
the external heat transfer coefficient hext = 10 W/m2K , seven initial temperatures
have been investigated. This have resulted in a total number of 42 situations for the
transient numerical simulation of the cooling process of the tank.
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5.4.3 Numerical approach

Methodology

The detailed numerical experiments commented before have been carried out by ap-
plying the techniques described in Chapter 2. In other words, the governing equa-
tions together with the boundary conditions (Eqn. 5.18) in their dimensional form,
have been integrated over the whole domain (fluid, solid walls and insulation ma-
terial) by means of finite-volume techniques with fully implicit temporal differentia-
tion, using cylindrical staggered grids. Diffusive terms have been evaluated using a
second order central differences scheme, while convective terms have been approxi-
mated by means of the SMART scheme [14] using a deferred correction approach.

As the time needed to cool down the fluid inside the storage, i.e. to reach the am-
bient temperature, is theoretically infinite, a criteria to stop the transient simulation
has been imposed. Aiming a general criteria for all situations considered, this cri-
teria has been determined as a function of the non-dimensional mean temperature
of the fluid. Considering the thermophysical properties constant, the mean fluid
temperature can be defined as:

Θ(t) =
1

Ω

∫

Ω

ΘdΩ (5.30)

Thus, the criteria to stop the transient simulation has been taken as the time the
fluid requires to reach a temperature of Θ̄ <= 0.10. On the other hand, for each time
step, the iterative procedure has been truncated once the non-dimensional variables
increments and residuals have been lower than 10−5 and once the relative increments
of the computed mean Nusselt number has been below 10−7%.

As has been commented before, due to the symmetry of the situation presented
in 5.2, the computational domain selected is axisymmetric. To verify this hypothesis,
one of the cases has been analysed considering fully 3D behaviour. The parameters
corresponding with the case selected have been: T0 = 60◦C; V = 0.3m3; δins = 0m;

H/D = 2 (H/D = 2; Ra = 2.38 · 1012; Û = 18.456). The meshes selected to solve
both approaches (axisymmetric and fully 3D) have been of 72x144 and 72x40x144
CVs respectively. Taking into account the computational cost for solving the three-
dimensional situation, the domain considered is half-cylinder instead of the whole
cylinder. To do so, a symmetry boundary condition at the cylinder axial middle
plane has been imposed. An example of both computational domains are shown in
Fig. 5.2.

In Table 5.1 the results for the mean Nusselt number, Nu, average internal wall
temperature, Tw, and fluid temperature, T , are given at different instants of the cool-
ing process up to t = 1800s. Taking into account that the results obtained for axisym-
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Figure 5.2: Definition of the case. Example of the computational meshes.

(a) axisymmetric domain (72x144 CVs), (b) Half-computational domain, three-

dimensional mesh (72x40x144 CVs)

metric and fully 3D resolution agree quite well, the hypothesis of the axisymmetric
domain has been assumed for all cases.

Verification

Numerical solutions presented have been obtained adopting an h-refinement criteria.
Fixing numerical schemes, verification of the results account for the influence of the
mesh spacing and the time increment on these numerical results. The parametric
study carried out in the present work accounts for a determined number of com-
putations. The post-processing verification presented here compresses four of these
computations, one for each aspect ratio considered. These cases have been consid-
ered representative of all the others. The main parameters of each of these cases are
given in Table 5.2. Notice that together with the non-dimensional relevant groups,
the dimensional parameters (insulation thickness, tank volume, initial temperature,
external heat transfer coefficient) are also given. These verification cases are hereafter
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t = 300 s t = 600 s

axisymmetric 3D %ǫ [%] axisymmetric 3D %ǫ [%]

T 59.805 59.807 3.34 · 10−3 59.570 59.571 1.68 · 10−3

Tw 57.970 57.911 1.02 · 10−1 57.690 57.664 4.35 · 10−2

Nu 366.361 367.250 2.42 · 10−1 358.256 357.245 2.82 · 10−1

t = 900 s t = 1200 s

axisymmetric 3D %ǫ [%] axisymmetric 3D %ǫ [%]

T 59.338 59.338 1.22 · 10−6 59.106 59.107 1.69 · 10−3

Tw 57.380 57.371 1.57 · 10−2 57.117 57.091 4.55 · 10−2

Nu 348.909 347.120 5.15 · 10−1 336.282 335.429 2.54 · 10−1

t = 1500 s t = 1800 s

axisymmetric 3D %ǫ [%] axisymmetric 3D %ǫ [%]

T 58.876 58.877 1.70 · 10−6 58.647 58.649 3.41 · 10−3

Tw 56.847 56.830 2.99 · 10−2 56.604 56.579 4.42 · 10−2

Nu 325.241 326.128 2.77 · 10−1 319.147 319.688 1.69 · 10−1

Table 5.1: Comparison between axisymmetric and three-dimensional meshes at

different time instants

denoted as case v1, case v2, case v3 and case v4.

According to the preliminary results, considering the fluid structure and with the
objective of describing the boundary layer near the walls (where the temperature and
velocity gradients are the largest), it has been necessary to concentrate the mesh at
the interface between the fluid and the solid wall by means of a tanh-like distribution
[15]. The computational domain for the fluid has been discretised into non-uniform
meshes of nrxnz CVs with a concentration factor of 2 in the zones near the interface
between liquid and solid (i.e. near the tank walls), while for the solid domain (tank
wall and insulation material) regular meshes have been used (see Fig. 5.2(a)).

case H/D Ra bU T0 hext δins Ω

[-] [-] [-] [◦C] [W/m2K] [m] [m3]

v1 1 7.132 · 1011 11.594 60 10 0.02 0.3

v2 2 2.394 · 1012 5.178 60 10 0.01 0.3

v3 3 5.387 · 1012 6.824 60 10 0 0.3

v4 3.45 7.142 · 1012 3.594 60 2 0.01 0.3

Table 5.2: Definition of the relevant parameters for the verification process
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H/D

1 2

m1 (23+1+2)x(23+1+2) (18+1+2)x(36+1+2)

m2 (46+2+4)x(46+2+4) (36+2+4)x(72+2+4)

m3 (92+4+8)x(92+4+8) (72+4+8)x(144+4+8)

m4 (184+8+16)x(184+8+16) (144+8+16)x(288+8+16)

H/D

3 3.45

m1 (16+1+2)x(48+1+2) (15+1+2)x(53+1+2)

m2 (32+2+4)x(96+2+4) (30+2+4)x(105+2+4)

m3 (64+4+8)x(192+4+8) (60+4+8)x(210+4+8)

m4 (128+8+16)x(384+8+16) (120+8+16)x(420+8+16)

Table 5.3: Number of CVs in the h-refinement procedure for each aspect ratio

including the fluid and solid walls nrxnz=(nf + nt + nins)x(nf + nt + nins)

For each of these computations, the mesh has been refined using 4 levels on the
h-refinement criteria with a ratio of 2 (in each computational level, denoted with letter
’m’, the mesh has been doubled, see Table 5.3). The criteria of refinement adopted,
considers independently the fluid and the solid domains as it is shown in the table.
Moreover, the simulation time has also been discretised in time steps of 0.25, 0.5, 1.0
and 2.0 s.

Concerning to the temporal discretisation, it has been selected case v2 for the third
level of spacial discretisation according with Table 5.3. The case has been solved up
to 7200 s using the different time steps indicated above. For time steps of ∆t = 1s
and ∆t = 2s convergence has been reached after a high number of outer iterations.
During the first instants of the cooling process (up to 900s), the iterative process has
required more than 200 iterations for ∆t = 1s. Furthermore, for the highest time
step (∆t = 2s) the convergence has been totally unstable and in most time steps
the convergence criteria has not been attained after 300 iterations (!). Although this
number decreases with the development of the fluid stratification, still has required
more than 50 iterations to achieve convergence criteria imposed at each time step.
For the smallest ∆t, the number of outer iterations required has been always below
20 even for the first instants, being around 8 and 12 for ∆t = 0.25s and ∆t = 0.5s,
respectively. For the smallest time steps, discrepancies between solutions obtained
have not been noticeable. As the time to cool down the storage could be very large,
depending of the situation under study, a high number of time steps to solve it is
required. Considering the total number of time steps to be solved and the number of
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Figure 5.3: Verification. Fluid temperature profiles in the boundary layer at dif-

ferent heights with different levels of refinement for the verification case v3: dotted

line (m1) , dash-dotted line (m2), dashed line (m3), and solid line (m4) (a) at 3600
s and (b) at 7200 s

outer iterations per each one needed to reach convergence, a temporal discretisation
of ∆t = 0.5s has been adopted.

The influence of the mesh spacing has been analysed by fixing the time step to
∆t = 0.5s. Then, simulations have been performed following the h-refinement criteria
on the four cases selected. These cases have been solved up to 7200 s.

In Fig. 5.3 the temperature profiles near the boundary layer obtained with the
different levels of refinement at selected tank heights and two time increments for
the case v3 are shown. As can be seen, there is no noticeable differences between
levels of refinement m3 and m4. In Tables 5.4 and 5.5, a comparison between the
different levels of refinement for the average Nusselt number, mean fluid tempera-
ture and solid wall interface temperature at different instants are given. The cases
illustrated in the tables corresponds with case v2 and case v4, respectively. Although
the results shown in the tables are for these two situations, the same comparison
has been carried out for the other two verification cases. For all situations analysed
the same trend has been observed, thus the results presented can be considered as
illustrative of the verification process performed.

Major discrepancies have been observed for the first instants, where the forma-
tion of the boundary layer takes place. However, relative errors between level of
refinement m3 and m4 at the initial instants in all cases have been below 1%. As
time marches, differences between the different meshes tends to level out. It has
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t = 900s t = 1800s

T̄ ǫ · 103 T̄w ǫ · 103 Nu ǫ T̄ ǫ · 103 T̄w ǫ · 103 Nu ǫ

[◦C] [%] [◦C] [%] [−] [%] [◦C] [%] [◦C] [%] [−] [%]

m1 59.815 3.3 59.107 0.013 281.864 1.91 59.609 3.32 58.869 1.70 268.349 1.10

m2 59.813 0.83 59.117 0.003 293.618 2.20 59.607 6.71 58.871 1.71 269.231 1.43

m3 59.813 0.51 59.124 0.015 286.942 0.15 59.607 0.34 58.870 0.68 267.884 0.92

m4 59.813 - 59.115 - 287.373 - 59.607 - 58.870 - 265.428 -

t = 2700s t = 3600s

T̄ ǫ · 103 T̄w ǫ · 103 Nu ǫ T̄ ǫ · 103 T̄w ǫ · 103 Nu ǫ

[◦C] [%] [◦C] [%] [−] [%] [◦C] [%] [◦C] [%] [−] [%]

m1 59.405 5.42 58.634 14.0 255.947 0.17 59.202 5.81 58.401 6.8 240.376 1.91

m2 59.403 2.03 58.629 5.80 255.022 0.53 59.199 0.68 58.400 5.4 242.881 0.85

m3 59.402 0.34 58.629 5.20 256.179 0.07 59.199 0.31 58.398 1.8 243.298 0.68

m4 59.402 - 58.626 - 256.372 - 59.199 - 58.397 244.956 -

t = 4500s t = 5400s

T̄ ǫ · 103 T̄w ǫ · 103 Nu ǫ T̄ ǫ · 103 T̄w ǫ · 103 Nu ǫ

[◦C] [%] [◦C] [%] [−] [%] [◦C] [%] [◦C] [%] [−] [%]

m1 59.000 7.53 58.108 123 242.596 0.99 58.799 7.50 57.969 29.3 234.081 1.00

m2 58.997 2.41 58.171 15.1 236.311 1.61 58.795 1.22 57.958 10.3 235.572 1.65

m3 58.996 0.68 58.179 1.7 239.516 0.30 58.795 0.51 57.949 5.22 230.858 0.38

m4 58.996 - 58.180 - 240.185 - 58.795 - 57.952 - 231.752 -

t = 6300s t = 7200s

T̄ ǫ · 103 T̄w ǫ · 103 Nu ǫ T̄ ǫ · 103 T̄w ǫ · 103 Nu ǫ

[◦C] [%] [◦C] [%] [−] [%] [◦C] [%] [◦C] [%] [−] [%]

m1 58.599 7.53 57.750 38.1 227.483 2.91 58.400 8.53 57.537 38.0 219.482 0.50

m2 58.595 1.36 57.736 13.8 222.617 0.71 58.396 2.39 57.523 13.9 220.169 0.81

m3 58.595 0.68 57.730 3.46 221.756 0.32 58.396 1.71 57.513 3.48 217.964 0.16

m4 58.595 - 58.728 221.049 - 58.395 - 57.515 218.393 -

Table 5.4: Verification. Average fluid temperature, wall temperature at the liquid-

solid interface and Nusselt number. Comparison results between different levels of

refinement at different instants for case v2.
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t = 900s t = 1800s

T̄ ǫ · 103 T̄w ǫ · 103 Nu ǫ T̄ ǫ · 103 T̄w ǫ · 103 Nu ǫ

[◦C] [%] [◦C] [%] [−] [%] [◦C] [%] [◦C] [%] [−] [%]

m1 59.903 2.84 59.520 10.08 366.679 3.81 59.792 1.672 59.411 20.19 368.281 1.93

m2 59.903 2.17 59.519 11.76 378.163 0.79 59.791 0.84 59.419 6.731 373.907 0.43

m3 59.902 0.50 59.531 8.40 379.700 0.39 59.792 0.67 59.420 5.04 374.117 0.37

m4 59.902 - 59.526 - 381.184 - 59.791 - 59.423 - 375.520 -

t = 2700s t = 3600s

T̄ ǫ · 103 T̄w ǫ · 103 Nu ǫ T̄ ǫ · 103 T̄w ǫ · 103 Nu ǫ

[◦C] [%] [◦C] [%] [−] [%] [◦C] [%] [◦C] [%] [−] [%]

m1 59.681 1.340 59.297 25.29 364.851 2.03 59.571 1.175 59.183 1.520 357.577 2.25

m2 59.681 0.670 59.293 32.03 366.837 1.49 59.571 0.839 59.180 2.027 361.461 1.18

m3 59.681 0.503 59.307 8.430 371.944 0.13 59.571 0.504 59.191 1.689 363.071 0.74

m4 59.681 – 59.312 – 372.422 – 59.571 – 59.192 – 365.789 –

t = 4500s t = 5400s

T̄ ǫ · 103 T̄w ǫ · 103 Nu ǫ T̄ ǫ T̄w ǫ · 103 Nu ǫ

[◦C] [%] [◦C] [%] [−] [%] [◦C] [%] [◦C] [%] [−] [%]

m1 59.462 2.691 59.063 6.772 352.192 1.15 59.352 1.348 58.956 0.680 349.082 1.83

m2 59.461 1.010 59.065 3.326 354.165 0.59 59.352 1.023 58.949 11.87 348.007 1.49

m3 59.461 0.673 59.066 1.693 355.907 0.11 59.352 0.505 58.948 13.57 344.981 0.62

m4 59.461 – 59.067 – 356.286 – 59.352 – 58.956 – 342.903 –

t = 6300s t = 7200s

T̄ ǫ · 103 T̄w ǫ · 103 Nu ǫ T̄ ǫ · 103 T̄w ǫ · 103 Nu ǫ

[◦C] [%] [◦C] [%] [−] [%] [◦C] [%] [◦C] [%] [−] [%]

m1 59.243 2.700 58.843 0.339 344.082 1.60 59.135 2.367 58.740 34.10 342.082 2.94

m2 59.243 1.519 58.835 13.70 335.034 1.07 59.134 1.352 58.720 17.03 330.850 0.43

m3 59.243 0.675 58.842 1.189 336.600 0.61 59.134 0.673 58.720 16.30 333.746 0.44

m4 59.242 – 58.843 – 338.653 – 59.134 – 58.730 - 332.299 –

Table 5.5: Verification. Average fluid temperature, wall temperature at the liquid-

solid interface and Nusselt number. Comparison results between different levels of

refinement at different instants for case v4.
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been found that the third level of discretisation (grids denoted as m3 in Table 5.3)
provides a good compromise between the computational time to simulate the whole
cooling process of the tank and the accuracy of the results. Taking into account the
analysis performed, the results presented in this work have been obtained with the
third level of refinement (m3).

5.4.4 A note on the fluid structure

The transient natural convection phenomena taking place inside the storage tank is
illustrated in Figs. 5.4 to 5.7. In these figures, the transient evolution of temperatures
and streamtraces at different instants of the cooling process, corresponding with one
of the cases analysed, are shown. The case selected to illustrate this process is defined

by Ra = 5.986 · 1011, H/D = 1 and Û = 11.6. In all the figures, variables are given in
non-dimensional form.

In Figs. 5.4 and 5.5 it is shown how at the first instants, when the transient con-
vection starts, a boundary layer develops rapidly at the vertical wall. At the same
time, the cooled fluid near the wall travels down and moves along the bottom wall
forming waves (τ = 2.6 ·10−5). These waves of cooled fluid move towards the centre
of the tank forming a crest that interacts with the fluid at the core. When the pertur-
bation arrives to the centre of the tank, it losts its momentum, gradually, and turns
back to the vertical wall. At this point, the reverse wave interacts again, with the
cooled fluid descending along the vertical wall. This movement of the cold intrusion
of fluid at the bottom of the tank, back and forth like a wave motion, interacting
with the surrounding fluid and with newly cold fluid at the wall, until it dissipates,
complicates the flow pattern during these first instants.
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Figure 5.4: Transient evolution of the fluid inside the storage tank. Temperature

contour. τ = 2.6 · 10−5 to τ = 1.1 · 10−4. Ra = 5.986 · 1011, H/D = 1, and

Û = 11.6.
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Figure 5.5: Transient evolution of the fluid inside the storage tank. Streamtraces

contour. τ = 2.6 · 10−5 to τ = 1.1 · 10−4. Ra = 5.986 · 1011, H/D = 1, and

Û = 11.6.

The process of wave motion continues just a few instants, but due to the mixing
between the cold stream travelling down and the surrounding fluid at the bottom,
the layers of cold fluid intruding at the bottom increase their temperature, until their
motion vanishes and, begins to generate the stratification of the fluid inside the tank
(see τ = 6.1 · 10−5 to τ = 1.1 · 10−4 in Figs. 5.4 and 5.5).
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Figure 5.6: Transient evolution of the fluid inside the tank. Temperature contour.

τ = 2.6 · 10−4 to τ = 5.2 · 10−2. Ra = 5.986 · 1011, H/D = 1, and Û = 11.6.

As the interaction between the cold fluid and that remaining at the core evolves,
the stratification of the fluid temperature approach to a quasi-steady regime (Figs.
5.6 and 5.7). In this process, from bottom to top, the tank is filled with layers of
fluid at different temperature. As the driving buoyancy decreases (τ = 2.6 · 10−4

to τ = 2.8 · 10−3), the development of the stratification advances at a progressive
reduced rate, until this quasi-steady stratification is reached. A similar quasi-steady
regime has been reported before by [10] and [13]. The first, studied the transient
evolution of a fluid in a vertical cylinder after a suddenly decrease of the temperature
in the vertical wall, while the latter studied the transient process of heating a fluid
inside a tank under a constant heat flux at the vertical walls. In both studies, top and
bottom walls were considered adiabatic.
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Figure 5.7: Transient evolution of the fluid inside the storage tank. Streamtraces

contour. τ = 2.6 · 10−4 to τ = 5.2 · 10−2. Ra = 5.986 · 1011, H/D = 1, and

Û = 11.6.

For the case shown as an example of the transient evolution of the fluid, this
transition occurs around τ = 2.8 · 10−3. At this instant, two regions are clearly
formed, a region of stratified fluid at most of the 75% of the bottom part of the tank,
while at the top of the tank, there is a wide region of fluid nearly mixed. This mixed
region at the top part of the tank, was not reported by [10]. In that case, bottom and
top walls were adiabatic, and heat transfer was taking place only at the vertical wall.
In the present study, as the top of the tank is not adiabatic, the heat transfer at this
region is still intense during the whole cooling process, promoting the mixing of the
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fluid around that zone. The quasi-steady regime remains until the fluid inside the
storage is completed cooled (τ = 3.1 · 10−3 to τ = 5.2 · 10−2). During this stage,
which represent about the 94% of the cooling process, the thermal layer becomes
thicker due to the decrease of the temperature difference between the wall and the
fluid inside the cylinder.

5.4.5 Results of the numerical experiments for one-level global model

In order to evaluate the dimensionless heat transfer coefficient, Nu, that characterise
the heat losses through the lateral, top and bottom walls at each time step, the results
of the numerical simulations have been post-processed in the following manner:

Nu =
hH

k
=

1

(Θ − Θw)S

[
−

∫

∂ΩT

(
∂Θ

∂z∗

)

T

dS

−

∫

∂ΩH

(
∂Θ

∂r∗

)

H

dS

+

∫

∂ΩB

(
∂Θ

∂z∗

)

B

dS

]

(5.31)

The mean fluid temperature Θ has been evaluated by Eqn. 5.30 and the mean
temperature at the interface of the fluid and solid walls as:

Θw =
1

S

[ ∫

∂ΩT

ΘwT dS +

∫

∂ΩH

ΘwHdS +

∫

∂ΩB

ΘwBdS

]
(5.32)

The average heat transfer coefficient

According to the non-dimensional analysis done in section 5.4.1, the Nusselt num-

ber can be expressed in terms of the non-dimensional groups τ , Ra, H/D, Û and
Pr. In the present work, as the fluid considered is only water, the dependence with
the Prandtl number, Pr, in the studied range of relevant parameters has been im-
plicitly considered. This treatment can be assumed because in the working range
studied, the fluid properties vary slightly with temperature, thus variations can be
considered within the Rayleigh number (Ra = Gr ·Pr). There are some works in the
literature that validate this treatment. The influence of the Prandtl number, among
other parameters, in the cooling process of a fluid in a cylindrical enclosure after a
step change in the vertical and bottom walls temperature was studied by [11]. In the
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constant Value st. deviation

C1 4.5851 0.15192

C2 -0.1686 0.00018

C3 0.0686 0.00122

C4 0.5304 0.00257

C5 0.1981 0.00039

Table 5.6: Results from the curve-fitting. Values of the constants and their stan-

dard deviations for the mean Nusselt number non-linear scaling relation (Eqn.

5.33). Values of the constants have been obtained by means of a least-square

curve-fitting algorithm.

study, a range of Pr = 1 ÷ 1000 was considered, noting not significant influence
of this parameter in the Nusselt number at the bottom wall, while no influence was
detected for the Nusselt at the lateral wall. However, the validity of this treatment,
i.e. the influence of the Pr number on the Nu number, is commented further.

Taking into account the aforementioned hypothesis, the following dependence
for the Nusselt number has been proposed:

Nu = C1 τC2 RaC3 ÛC4 (H/D)C5 (5.33)

The data set from the several computations carried out has been fitted to the
above scaling relation proposed for the Nusselt number. The fitting process per-
formed in order to find the values of the constants has been done by means of the
GNU Regression, Econometrics and Time-series Library (gretl) [16]. This library offers a
full range of least-squares based estimators, including two-stage least squares and
nonlinear least squares data fit, among other possibilities. The actual fitting process
has been done using the Levenberg-Marquardt algorithm [17] implemented in this
library. This method provides the solution to the non-linear function, minimising the
sum of the squares of the deviations. From the curve-fitting, the constants in scaling
relation (5.33) have arisen:

Nu = 4.585 τ−0.1686 Ra0.0686 (H/D)0.53 Û0.1981 (5.34)

In Table 5.6 the values of each constant together with its standard deviation are
given. Scaling relation (5.34) has been shown a good agreement with all the data
set with a goodness of the fit of R2 = 0.994, as can be observed in Fig. 5.8(a). In
the figure, raw data and results from the correlation have been arranged in order
to express all the data as a function of the non-dimensional time (τ ). In Fig. 5.8(b)
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Figure 5.8: Results from the curve fitting. Nusselt number. (a) Comparison

between fitted data and correlated obtained. (b) Relative errors between raw data

and correlated results with Eqn. 5.34.

the relative errors between the fitted data and results from the correlation are also
shown. The maximum relative error has been found below 12% and the average
relative error is in the order of 2.7%. Major discrepancies have been obtained for
large values of the non-dimensional time. These values correspond with the cases
with the largest cooling time (lowest aspect ratios H/D and highest non-dimensional

overall heat transfer coefficient Û ) which are in limits of the studied range, and the
number of samples to be correlated were just a few.

Figure 5.9 shows the raw data from simulations as a function of the non-dimensional
time for different Pr numbers in the range of study. The data has been arranged by

using the scaling relations for Ra, Û and H/D non-dimensional numbers. As can
be observed, there is no dependence of the mean Nu number on Pr. The six curves
corresponding with each of the Pr numbers considered collapse into the same curve.
Taking into account these results, the hypothesis of neglecting the influence of the
Pr number on the Nusselt number can be assumed, at least within the Pr number
range, Pr = 3.83 ÷ 5.61.

The transient temperature distribution

The transient evolution of the mean fluid temperature can be obtained from the res-
olution of the differential equation for the one-temperature level model (global bal-
ance, Eqn. 5.14). Alternatively, it is proposed an scaling relation of the kind:
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Figure 5.9: Results of the curve fitting. Influence of the Pr number in the average

Nusselt number, Nu.

Θ = exp(C6τRaC7ÛC8(H/D)C9) (5.35)

Following the same procedure as for the average Nusselt number, the mean fluid
temperature inside the tank obtained from the numerical results has been adjusted.
The curve fitting gives:

Θ̄ = exp(−7.506 τ Ra−0.00844 H/D0.815 Û0.959) (5.36)

The values of the scaling relation constants together with their standard deviation
are given in Table 5.7. In Fig. 5.10(a), the raw data and results of the correlation
5.36 as a function of the non-dimensional groups identified are compared, while in
Fig. 5.10(b) the relative error between numerical simulations and values from the
correlation are given. As can be observed in both figures, all data correlates quite
well, with a goodness of the fit of R2 = 0.9996. The maximum relative error obtained
has been less than 6.8% and the mean relative error around 1.23%.
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Table 5.7: Results of the curve-fitting. Values of the constants and their deviations

for the non-dimensional mean transient temperature scaling relation (Eqn. 5.35)

obtained by means of a least-square curve-fitting algorithm.

constant Value st. deviation

C6 -7.506 0.125180

C7 -0.0084 0.000614

C8 0.815 0.001259

C9 0.9587 0.000162
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5.5 Methodology for the resolution of the global model

As has been commented in previous sections, the objective of the analysis of the tran-
sient cooling process of the tank is twofold: to characterise the cooling process of the
fluid and to predict the behaviour of the mean fluid temperature and the heat losses
to the environment. The resolution of both, the temperature and the heat losses, is
summarised hereafter by means of the application of the global model presented.

From the one-level temperature model represented by Eqn. 5.14 it is possible to
evaluate the transient evolution of the mean fluid temperature at the storage tank,
if the superficial heat transfer coefficient (h) is known. In section 5.4.5 has been pro-
posed a correlation for the transient mean Nusselt number (Eqn. 5.34). From this
expression, at any instant, the heat transfer coefficient can be evaluated as:

h =
Nu k

H
= 4.58τ−0.1685 Ra0.0686 (H/D)0.53 Û0.1981 k

H
(5.37)

The above expression relates the transient evolution of the heat transfer coeffi-
cient with the relevant parameters that defines the case. From this expression, the
time dependence of the heat transfer coefficient can then be written in a general form
as:

h = Πtn (5.38)

where,

Π = 4.58 Ra0.0686 (H/D)0.53 Û0.1981 k α−0.1685

H0.663
(5.39)

n = −0.1685 (5.40)

Substituting Eqn. 5.38 in the one-level temperature balance (Eqn. 5.14) the tran-
sient mean fluid temperature in the storage tank can be calculated as:

dT

dt
= −

1

ρ cpΩ

UΠ tn

U + Π tn
(T − Tenv)S (5.41)

The differential equation (5.41) can be integrated for the initial conditions (t = 0,
T = T0) giving:

T = Tenv + (T0 − Tenv) exp



−

t∫

t=0

S

ρ cpΩ

UΠ tn

U + Π tn
dt



 (5.42)
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The analytical solution of the integral term in Eqn. 5.42 gives as result the first
hypergeometric function which its regular solution involves an infinite series expan-
sion in factorial notation [18]. Thus, in order to obtain the transient evolution of the
temperature inside the storage tank, a numerical integration of the above equation
could be computationally less expensive. This can be done by approximating the
integral term as a summation, giving:

T = Tenv + (T0 − Tenv) exp

(
−

N∑

k=1

S

ρ cpΩ

UΠ tnk
U + Π tnk

∆t

)
(5.43)

where

tk =
∆t

2
+ (k − 1) ∆t and, N =

t

∆t
(5.44)

The results obtained by means of the numerical integration of Eqn. 5.43 and
scaling relation (Eqn. 5.36) proposed in the previous section have been compared
with the data from numerical results (see Fig. 5.11(a) and 5.11(b)). Cases plotted in
both figures have been selected as illustrative results. These cases correspond with:

Ra = 2.36 · 1012, Û = 1.274 and (H/D) = 2 for Fig. 5.11(a) and with Ra = 9.5 · 1012,

Û = 8.224 and (H/D) = 3.45 for Fig. 5.11(b). The numerical integration of Eqn. 5.43
has been carried out by using a time step of ∆t = 100s. Smaller time steps have been
tested, but differences between results were not significant. As can be observed, the
mean temperature evaluated from Eqn.5.43 and the correlation (5.36), agree quite
well with numerical simulation results. Maximum differences have been obtained
at the final instants of the cooling process, where Nu correlation obtained gives the
highest discrepancies.

Once the temperature evolution is known, the heat losses of the fluid from the
initial instant (t = 0) to any time of the cooling process can be evaluated as:

Qloss
t=0→t = cp(T0 − Tenv)


1 − exp


−

t∫

t=0

S

ρ cpΩ

UΠ tn

U + Π tn
dt




 ρΩ (5.45)

where as in the case of the temperature variation, the integral term is approxi-
mated numerically as:

Qloss
t=0→t = cp(T0 − Tenv)

[
1 − exp

(
−

N∑

k=1

S

ρ cpΩ

UΠ tnk
U + Π tnk

dt

)]
ρΩ (5.46)

where tk and N are evaluated as in 5.44.
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Figure 5.11: Mean transient temperature of the fluid inside the tank obtained

with correlation 5.36 and by numerical integration of analytical expression 5.43.

Comparison with numerical results for two illustrative cases: (a) Ra = 2.36 · 1012,

Û = 1.274 and (H/D) = 2; (b) Ra = 9.5 · 1012, Û = 8.224 and (H/D) = 3.45

The methodology for the evaluation of the cooling process of a storage tank un-
der heat losses to the ambient by means of the one-temperature level model is sum-
marised as follows:

1. Define the case and evaluate the relevant parameters Ra, Û and H/D.

2. Evaluate the value of the constant Π by means of Eqn. 5.39.

3. Solve numerically Eqn. 5.43 from t = 0 to any instant t of the cooling process
and obtain the mean temperature. Alternatively, the mean temperature can
also be obtained from correlation 5.36.

4. Evaluate heat losses through the tank walls from t = 0 to any instant t of the
cooling process, by solving numerically Eqn. 5.46.

In order to evaluate heat losses at any instant:

1. Evaluate mean Nusselt number from Eqn. 5.34 at the time of interest.

2. Evaluate the superficial heat transfer coefficient by

h = Nu
k

H
(5.47)
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3. Solve numerically Eqn. 5.43 from t = 0 to any instant t of the cooling process
and obtain the mean temperature. Alternatively, the mean temperature can
also be obtained from correlation 5.36.

4. Evaluate instantaneous heat losses to the ambient as:

Q̇loss =
Uh

U + h
(T − Tenv)S (5.48)

5.6 Verification of global model. Results and discussion

With the objective of verifying the scaling relations obtained in the working range
studied, a new set of cases have been selected. This new set of cases accounted for
tank volumes of: Ω = 0.16, 0.3 and 0.5 [m3], with aspect ratios of: H/D = 2.05, 2.77
and 3.2. The insulation of the tank has been set to δins = 0 and 2.5 cm. For these
cases, initial temperature of T0 = 65◦C and external heat loss coefficient of hext = 10
W/m2K have been imposed. Ambient temperature and properties of the insulation
material have also been varied. Ambient temperatures considered have been of 15
and 20◦C, while polyurethane insulation material has also been considered. All the

selected cases were within the range studied for the relevant parameters (Ra, Û ,
H/D) except one, which exceeded slightly the maximum Ra number considered in
the correlations.

In Figs. 5.12 and 5.13 are shown some of the results obtained with the set of cases.
In the figures are represented the cumulative heat losses through the tank walls and
the mean fluid temperature estimated compared with the results of the numerical
experiments. In addition, in Table 5.8 the mean and maximum relative errors for
temperature and heat losses for each of the cases are given. As can be observed, in
general, a good prediction of the mean fluid temperature and heat losses has been
obtained from the global model. Major discrepancies have been obtained for the
cases with the highest non-dimensional overall heat transfer coefficient. These situa-
tions corresponded with storage tanks without insulation material, being heat losses
the highest.

From this analysis, it can be observed that the application of the proposed method-
ology together with the correlations for the mean fluid temperature and Nusselt
number, are valid within the range of the relevant parameters studied. The predicted
results have been shown to be within an acceptable error tolerance considering the
limitations of these kind of global models. All the cases studied have been in the
range of application for solar domestic hot water storage tanks. Although this is a
wide range, the use of these correlations outside the limits considered could fail. In
order to extrapolate the current results beyond this range, further studies would be
necessary.
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Figure 5.12: Verification of the global model. Comparison between numerical

experiments and results from the global model. H/D = 2.77; Ra = 2.87 · 1012;

Û = 2.59. (a) Mean transient temperature of the fluid inside the tank. (b)

Cumulative heat losses.
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Figure 5.13: Verification of the global model. Comparison between numerical

experiments and results from the global model. H/D = 2.05; Ra = 4.9 · 1012;

Û = 20.12. (a) Mean transient temperature of the fluid inside the tank. (b)

Cumulative heat losses.
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Table 5.8: Verification of the global model. Mean temperature and heat losses

through the tank walls maximum and average relative errors between numerical

and global model results.

Maximum relative errors Average relative errors

H/D Ra bU T [%] Qloss [%] T [%] Qloss [%]

2.05 1.56 · 1012 2.1 0.16 3.48 0.11 0.62

2.77 2.87 · 1012 18.56 1.22 4.39 0.98 1.73

2.77 2.87 · 1012 2.59 0.21 6.08 0.17 0.54

3.2 3.82 · 1012 20.43 1.21 4.01 0.98 1.55

2.77 2.87 · 1012 1.91 0.25 11.98 0.19 0.51

2.05 2.94 · 1012 2.56 0.55 3.95 0.16 0.60

2.77 5.43 · 1012 3.15 0.24 3.06 0.19 0.56

3.2 7.18 · 1012 3.49 0.33 2.58 0.26 0.57

3.2 7.18 · 1012 25.16 1.00 4.73 0.81 1.55

3.2 1.19 · 1013 4.09 0.29 2.63 0.19 0.52

3.2 1.19 · 1013 29.77 0.77 3.98 0.63 1.08

2.05 4.91 · 1012 20.11 3.76 10.24 2.86 3.97

5.7 Other possibilities of global models

Sometimes, could be of interest to quantify the heat transfer through each tank wall
independently (i.e. top, bottom and lateral). One of the limitation of the procedure
outlined in previous sections is that the model does not distinguish between heat
losses through top, bottom and lateral walls. In addition, due to the stratification
of the temperature inside the tank, the mean fluid temperature can not be used as
bulk temperature for the evaluation of the heat transfer coefficients at the top and
bottom walls. Then, in an attempt to quantify these losses, the multi-level global
model explained in section 5.3 has been used.

From the analysis of the transient evolution of the temperature inside the tank,
it has been shown that after the formation of the stratification, the cooling process
takes place in a pseudo-steady regime. During this phase, most of the 25 % of the
upper part of the tank is filled with water at approximately the same temperature,
while a sharpen temperature gradient is observed at almost the 25 % of the bottom
part of the tank. Thus, considering the temperature distribution along the vertical
height of the tank and that the quasi-steady stratification regime occurs during most
of the 90 % of the total cooling time of the tank, three-temperature levels have been
considered. For these temperature levels, a distribution of 25, 50 and 25 % of the
total volume, respectively, have been assumed.
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From the multi-level energy balance (Eqn. 5.1), an energy balance for each tem-
perature level can be written:

ρcp
∂T̄ I

∂t
Ω + ṁI−IIcp(T

I
− T

II
) (5.49)

= −

(
UhBSB

U + hB

+
U

I
hI

HSI
H

U
I

+ hI
H

)
(T

I
− Tenv)

ρcp
∂T̄ II

∂t
Ω + ṁI−IIcp(T

II
− T

I
) + ṁII−IIIcp(T

II
− T

III
) (5.50)

= −

(
U

II
hII

H SII
H

U
II

+ hII
H

)
(T

II
− Tenv)

ρcp
∂T̄ III

∂t
Ω + ṁII−IIIcp(T

III
− T

II
) (5.51)

= −

(
UhHST

U + hT

+
U

III
hIII

H + SIII
H

U
III

+ hIII
H

)
(T

II
− Tenv)

In the above system of equations, temperature levels have been numerated from
bottom to top, i.e. the superscript ’I’ represents the bottom level of the tank while
’III’ represents the top level of the tank. Notice also that in the above formulation
it has been assumed that UT = UB ≈ UH = U . In the system, not only the local
heat transfer coefficients are unknowns but also the mass flow rates that appears as
a consequence of the advective transport between the layers.

5.7.1 Heat transfer scaling relations

According with the definition for the Nusselt number at each wall (Eqns. 5.25 -5.27),
and the non-dimensional analysis carried out in section 5.4.1, the Nusselt number at
each wall can be written as a function of the relevant parameters identified. From the
analysis of the numerical results, different scaling relations have been proposed for
evaluating the Nusselt number at each wall. As for the one-temperature level model
proposed in previous sections, the numerical data have been adjusted by means of
the Levenverg-Marquardt curve-fitting algorithm.
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Nusselt number at the bottom wall of the tank

NuB = 4.3365τ−0.324Ra−0.00549Û−0.0928(H/D)−0.1412 (5.52)

The average relative error has been in the order of 15% with a goodness of the
fit of R2 = 0.8734. Major discrepancies have been obtained at the end of the cool-
ing process, where the absolute value of the Nusselt number is small (in the order
of magnitude of 20), being difficult the curve-fitting and relative errors become the
highest.

Nusselt number at the top wall of the tank

NuT = 0.3417Ra0.2371Û0.1616(H/D)0.3546 (5.53)

exp (−5.9 · 10−4τRa0.2804Û0.9243(H/D)0.1307)

The mean relative error between the correlation and the numerical results ob-
tained has been about 10.5% with a goodness of the fit of R2 = 0.944. Major discrep-
ancies have been obtained at the first instants of the cooling process, before the devel-
opment of the stratification. However, discrepancies can also be observed along the
whole cooling process between numerical results and correlated ones. These differ-
ences can be attributed to the nature of the cooling process near the top wall. At this
wall, convective cells are continuously appearing, travelling down until they mixed
with the surrounding fluid. This behaviour provokes an oscillatory heat transfer at
the top wall and consequently the fluctuation of the Nusselt number. These fluctu-
ations can not be described with the correlation, thus, it can be interpreted as the
mean behaviour of the Nusselt number at top wall.

Nusselt number at lateral wall

The transient nature of the Nusselt number at the vertical wall is further complicated.
At the beginning of the cooling process, the mean Nusselt number tends to increase
with the time until a maximum value is reached. This increasing in the magnitude
of the Nusselt number takes places during the formation of the boundary layer and
development of the stratification in the tank. After that, the mean Nusselt number
decreases continuously with the time. This process is illustrated in Fig. 5.14 for one
of the cases solved.

165



Chapter 5. Parametric study of the transient natural convection inside storage tanks. Global
models analyses

Table 5.9: Three-temperature level model. Results from the curve-fitting adjust

for each part of the Nusselt number scaling relation at each temperature level.

Level zone Goodness of fit mean error

R2 ε[%]

I z1 0.9787 3.33

z2 0.9756 3.77

II z1 0.9759 3.94

z2 0.9823 3.84

III - 0.9805 4.54

0 0.02 0.04 0.06

200

400

600

800

Level I
Level II
Level III


Nu

τ

Figure 5.14: Transient evolution of the mean Nusselt number at the vertical wall

at each temperature level Ra = 2.395 · 1012, Û = 3.045 and (H/D) = 2

Considering the complex behaviour of the Nusselt number, it is easy to devise
that to find an appropriate scaling relation that describes its transient evolution could
be cumbersome. In order to overcome this difficulty Nusselt numbers behaviour for
temperature level I and II have been described by means of a curve divided into two
zones (hereafter denoted as subscripts z1 and z2). For each zone, results have been
fitted giving as results the expressions shown below. Details of the curve-fitting are
given in Table 5.9.
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Nusselt number at temperature-level I

Nu
I

H,z1 = 0.795493τ0.139Ra0.2581Û0.149(H/D)−0.011

Nu
I

H,z2 = 0.6756Ra0.2499Û0.051(H/D)−0.0539

exp(−7.56 · 10−3τRa0.2Û0.735(H/D)0.25)

Nu
I

H = min‖Nu
I

H,z1, Nu
I

H,z2‖ (5.54)

Nusselt number at temperature-level II

Nu
II

H,z1 = 0.466τ0.0567Ra0.2384Û0.1914(H/D)0.0412

Nu
II

H,z2 = 0.4168Ra0.2416Û0.0476(H/D)0.039

exp(−3.08 · 10−4τRa0.3017Û0.6104(H/D)0.3132)

Nu
II

H = min‖Nu
II

H,z1, Nu
II

H,z2‖ (5.55)

Nusselt number at temperature-level III

Nu
III

H = 0.1356Ra0.269Û0.2041(H/D)−0.0127 (5.56)

exp(−4.09 · 10−4τRa0.294Û0.906(H/D)0.1827)

In general, there is good agreement between the Nusselt number obtained from
numerical simulations and correlated one. Major discrepancies have been observed
at the beginning of the cooling process around the instant where the Nusselt number
is the highest. However as can be seen in Table 5.9 in all cases mean relative error
has been below 4.5%. As illustrative results, the numerical data and results obtained
from correlations for Nusselt number of four of the cases considered are plotted in
Fig. 5.15.

Mean fluid temperature scaling relations

As for the one-temperature level model, the mean fluid temperature of each fluid
level has been adjusted following an exponential dependence of the kind of Eqn.
5.36. In this case raw data from numerical experiments has been pre-processed to
evaluate the mean temperature of each volume of fluid, as:

Θ
I
(τ) =

1

0.25Ω

∫

2π

∫

R

0.25H∫

0

Θ rdrdθdz (5.57)
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Figure 5.15: Results from the curve-fitting process. Illustrative results of the

transient evolution of the mean Nusselt number at the walls according with the

three-temperature level global model. Numerical data (dots) and results from cor-

relations (solid line). Red: H/D = 1, Ra = 6 ·1011, Û = 3.23; Green: H/D = 2,

Ra = 2.4 · 1012, Û = 1.7; Blue: H/D = 3, Ra = 5.4 · 1012, Û = 1.7; Orange:

H/D = 3.45, Ra = 7.1 · 1012, Û = 3.6. a) NuT ; b) NuB; c)NuI
H ; d) NuII

H ; e)

NuIII
H
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Θ
II

(τ) =
1

0.5Ω

∫

2π

∫

R

0.75H∫

0.25H

Θ rdrdθdz (5.58)

Θ
III

(τ) =
1

0.25Ω

∫

2π

∫

R

H∫

0.75H

Θ rdrdθdz (5.59)

All the data from the several computations have been adjusted with the aid of
the curve-fitting library gretl [16] to obtain the values of the constants in the scaling
relations. The resulting relations read:

Mean fluid temperature at level I

Θ
I

= exp(−8.008τRa−0.00863Û0.9997(H/D)0.8064) (5.60)

Mean fluid temperature at level II

Θ
II

= exp(−7.7299τRa−0.01Û0.9488(H/D)0.8203) (5.61)

Mean fluid temperature at level III

Θ
III

= exp(−6.8239τRa−0.00591Û0.9387(H/D)0.8137) (5.62)

The mean fluid temperature at each level is presented in Fig. 5.16 in terms of

τRamÛnH/Dp, where m, n and p, are the exponents resulting from each correlation
(Eqns. 5.60 - 5.62). For the three temperature levels, numerical data correlate quite
well. The relative errors obtained has been below 3.5% in all situations, being the
greatest differences for temperature level I.

5.7.2 Verification

In order to asseses the validity of the correlations given, as a final step, four of the
cases used in section 5.6 for the validation of the one-temperature level global model

have been used. The cases selected have been: i) H/D = 2.77, Û = 2.59, Ra =

2.87 · 1012; ii) H/D = 2.77, Û = 18.56, Ra = 2.87 · 1012; iii) H/D = 2.77, Û = 3.15,

Ra = 5.44 · 1012 and; iv) H/D = 3.2, Û = 4.1, Ra = 1.2 · 1013. For all situations,
heat losses through each wall and mean fluid temperature at each level have been
predicted by means of the scaling relations and compared with the numerical results.

With the aim of evaluate heat losses at each wall, the following procedure has
been applied:
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Figure 5.16: Results from the curve-fitting process. Transient evolution of the

mean fluid temperature at each level according with the three-temperature level

global model. Numerical data (dots) and results from correlations (solid line). a)

Temperature level I (Eqn. 5.60); b) Temperature level II (Eqn. 5.61); c) Tempera-

ture level III (Eqn. 5.62).
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1. First Nusselt numbers have been evaluated using Eqns. 5.52 to 5.56.

2. The heat transfer coefficients between the fluid and the walls have been then
calculated as:

hm =
Num k

H
where m = (T, B, I, II, III) (5.63)

3. At any instant heat losses through the walls have been estimated as:

Q̇m
loss =

Uhm

U + hm
(T n − Tenv)Sm where m = (T, B, I, II, III) (5.64)

In the above expression the superscript n represents the corresponding tem-
perature level (i.e. n = I for the evaluation of heat losses at the bottom and
lateral wall at level I, etc.).

4. Finally, the cumulative heat losses from each wall have been estimated as:

Qm
loss 0→t =

t∫

0

Q̇m
loss(t)dt where m = (T, B, I, II, III) (5.65)

The numerical and predicted results of the cases considered are given in Table
5.10. In all situations, cumulative heat losses have been evaluated from the initial
instant of the cooling process until the 90% of the stored energy has been dissipated
to the ambient. Relative differences respect the numerical results are expressed in
brackets. In the Table, cumulative heat losses through the vertical wall have been
calculated as:

Qloss 0→t = QI
loss 0→t + QII

loss 0→t + QIII
loss 0→t (5.66)

In all cases predicted results agree quite well with the numerical experiments.
Relative errors obtained have been below 12%. Major discrepancies have been ob-
tained for the heat losses through the bottom wall. This is in correspondence with
the curve-fitting results, where the relative errors for the correlation for the Nusselt
number in this wall are the highest. In general, errors obtained with this model are
slightly higher than the obtained with the one-level temperature model. The use of
more approaches make uncertainties introduced larger than the ones obtained with
the one-temperature level model. Although relative error are higher than the sim-
plest model, the prediction of heat losses through each tank wall makes this model
useful.
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Table 5.10: Verification of the three-temperature level model. Cumulative heat

losses predicted. Comparison with numerical results.

Cumulative heat losses [MJ]

Top wall Bottom wall Vertical wall

H/D bU Ra numerical predicted numerical predicted numerical predicted

2.05 2.1 1.56 · 1012 2.76 2.66 (4.9) 1.81 2.03 (9.6) 21.97 21.15 (4.83)

2.77 18.56 2.87 · 1012 2.35 2.29 (5.9) 0.96 0.94 (6.9) 23.33 23.71 (1.8)

2.77 3.15 5.44 · 1012 4.07 3.97 (4.2) 2.55 2.84 (8.5) 43.0 42.5 (1.2)

3.2 4.1 1.2 · 1013 5.07 5.01 (4.5) 3.18 3.57 (11.1) 61.9 62.4 (1.1)

5.8 Conclusions

The transient process of cooling-down a fluid initially at rest, by heat transfer through
the walls and insulation material has been investigated by means of numerical ex-
periments.

In order to describe the long term behaviour of the fluid inside the storage tank,
a global prediction model has been proposed. In the model, the transient behaviour
of the fluid has been represented by the mean fluid temperature and the global
heat losses through the walls. In order to characterise these heat losses, a non-
dimensional analysis has been carried out. This analysis has led to the identification
of the significant parameters that define the transient natural convection phenom-
ena inside the tank: the Rayleigh number Ra, the aspect ratio H/D and the non-
dimensional overall heat loss coefficient imposed by the boundary conditions of the
problem under study. Negligible influence of the Prandtl number, Pr, has been ob-
served within the range considered.

A parametric study has been performed with the aim of finding the correlations
that describe the transient behaviour of the Nusselt number. Variations on the dif-
ferent relevant parameters have been taken into account. The situations considered
in the study have been within the working range for solar domestic hot water ap-
plications. The parametric study consisted in 42 different transient situations. The
average Nusselt number and the mean fluid temperature at each instant of all nu-
merical simulations, have been fitted to the scaling relations in terms of the identified
relevant parameters arisen from the non-dimensional analysis.

The transient numerical CFD simulations have been shown that as the cooling
process evolves there is a development of the thermal stratification from the bottom
to the top of the tank. Once the stratification of the fluid is completeley developed,
the cooling process takes place in a quasi-steady regime being well distinguished
two fluid regions: a clearly stratified zone (with a sharpen temperature gradient)
at the bottom and a nearly uniform temperature region at most of 25% of the top
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volume of the tank.
It has been also shown that the global model methodology proposed to quantify

heat losses to the ambient and predict the transient behaviour of the temperature of
the fluid are in good agreement with the numerical results. The overall heat transfer
rate in all situations is well represented by the scaling relations, being relative errors
obtained below 12%.

In addition to the model presented, and with the aim of quantifying the heat
losses through each tank wall independently, an extension of the global model has
been proposed. In this case three-temperature levels have been considered. Corre-
lations for the Nusselt number at each wall have been obtained from the numerical
data. Numerical correlations proposed have been shown a good agreement with
the raw data. However, predictions obtained with this model show relative errors
slightly greater than those obtained with the one-temperature level model.

The transient problem studied, i.e. heat losses through the top, bottom and lat-
eral walls considering the tank envelope and the insulation material has been out of
scope of the up-to-now transient heat transfer studies presented by other authors.
In general, previous studies have been limited to heat transfer in the fluid without
considering the tanks walls and the insulation material.

Nomenclature

cp specific heat at constant pres-
sure (J/kg K)

r∗ non-dimensional radial distance

D tank internal diameter (m) S area (m2)
H tank internal height (m) T fluid temperature (K)
h superficial heat transfer coeffi-

cient (W/m2 K)
T mean fluid temperature (K)

k thermal conductivity (W/m K) Tw mean wall temperature (K)
Lref reference length (m) Tenv ambient temperature (K)
nr number of control volumes in

radial direction
T0 initial temperature (K)

nz number of control volumes in
axial direction

∆Tref reference temperature differ-
ence (K)

Pr Prandtl number t time (s)
p pressure (Pa) U overall heat transfer coefficient

(W/m2 K)

p∗ non-dimensional pressure Û non-dimensional overall heat
transfer coefficient
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Q̇loss instantaneous heat losses (W ) −→v velocity vector (m/s)
−→q heat flux vector (W/m2)

−→
v∗ non-dimensional velocity vector

Ra Rayleigh number vref reference velocity (m/s)
−→r position vector (m) z∗ non-dimensional z-coordinate
−→
r∗ non-dimensional position vec-

tor

Greek letters:

α thermal diffusivity (m2/s) ρ density (kg/m3)
δins insulation thickness (m) τ non-dimensional time
δt wall thickness (m) θ azimuthal coordinate
Θ non-dimensional temperature Ω volume (m3)

Subscripts:

B tank bottom wall T tank top wall
H tank vertical wall w wall
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Chapter 6

Concluding remarks and future
actions

Thermal storage tanks of liquid water are being used in many engineering ap-
plications where energy production and consumption do not match in time, such as
solar energy systems. In these applications, a properly design of these devices is a
key aspect for the optimum performance of the whole system. In this sense and con-
sidering the complex phenomena associated, virtual prototyping of storage tanks is
becoming a powerful tool in their design and optimisation.

The main contribution of the present thesis is the resolution of transient problems
in cylindrical coordinates geometries applied to the study of transient heat transfer
and fluid flow phenomena in storage tanks for solar domestic systems. The detailed
simulation of such complex heat transfer phenomena requires a proper discretisation
of the governing equations on both space and time. Hence, attention have also been
focused in the basic mathematical formulation and numerical tools for the resolution
of both heat transfer and fluid flow in three-dimensional cylindrical coordinates.

The main particularities of the discretisation of the governing equations used in
these domains have been exposed. Special attention has been dedicated to the treat-
ment of the singularity that appears at the cylinder centre and to the spatial period-
icity at the azimuthal direction. In this sense, for the formulation of the singularity at
the cylinder centre, where some terms become undefined, different treatments pro-
posed in the literature have been tested. From this analysis, a new approach has
been prescribed by evaluating the velocity vector at the axis from the averaging of
the cartesian velocity components at the nearest nodes to the centre. On the other
hand, as the solver used on the resolution of the system of equations has been in-
tended to be employed on either cartesian or cylindrical domains, an explicit the
boundary condition formulation at the azimuthal direction has been imposed. The
formulation of this special boundary condition has been explained in detail Chapter
2.

In the process of development or improvement of a CFD code, it is important to
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submit the code and the numerical solutions to a rigorous process of verification. In
this sense, the post-processing procedure followed in the assessment of the numer-
ical solutions, in order to quantify errors and uncertainties, has been also exposed.
This post-processing procedure implemented at CTTC, is based on the generalised
Richardson extrapolations for h-refinement studies and on the Grid Convergence In-
dex (GCI).

In Chapter 3, the techniques outlined in the previous chapter have been applied to
the resolution of different axisymmetric and 3D test cases in cylindrical coordinates.
Two main aspects have been discussed: i) the usefulness of the aforementioned post-
processing procedure in the process of code development pointing out its utility in
the selection of the appropriate discretisation grid, numerical schemes or in detecting
possible programming bugs and, ii) its usefulness in the verification of the numerical
solutions, defining their uncertainty due to discretisation and order of accuracy.

In two of the test cases presented, both with analytical solution known, the es-
timates obtained from the verification procedure have been useful to give criteria
about its appropriateness in the verification of the numerical solutions in three-
dimensional cylindrical coordinates. The verified solutions of all these tests cases
have been presented. In all situations, the estimates obtained from the verification
process have shown a good behaviour, i.e. an order of accuracy around its theo-
retical value with a high percentage of Richardson nodes. These verified numerical
solutions, together with their uncertainty estimates, would be an useful tool to be
employed as reference solutions during the process of verification of CFD codes.

Main contributions of this thesis to the study of the transient heat transfer and
fluid dynamics phenomena in storage tanks have been reported in Chapters 4 and
5. Partial conclusions on these topics have been given in each chapter. However,
the most important ones are highlighted hereafter. Chapter 4 have been focused on
thermal stratification studies in storage tanks on both, horizontal and vertical config-
urations. The studies have accounted for the influence of the mass flow rate during
the unloading process of a tank forming part of a thermosyphon system and the
influence of different inlet and initial conditions on the stratification process of a ver-
tical storage with a manifold diffuser, during its loading phase. Both situations have
been tested virtually by means of detailed multidimensional computational fluid
dynamics (CFD). The methodology followed from the definition of the problem, the
assumption of a mathematical model, its conversion into a numerical one, and the
analysis of the numerical solutions obtained have been also shown.

Parallel multi-block techniques have been used for the resolution of the with-
drawn process of the horizontal storage tanks with asymmetric ports, under differ-
ent mass flow rates. The detailed study of this configuration have demanded a large
amount of computational resources (three-dimensional domains) to obtain accurate
enough results. Taking advantage of “low cost” parallel computational infrastruc-
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tures (Beowulf clusters) at CTTC, the use of these kind of techniques have been use-
ful to deal with the virtual prototyping of the tanks with a reasonable cost of CPU
time. The computational performance of the algorithm, based on the domain decom-
position method, has been shown pointing out the computational savings obtained
for this kind of situations.

A review about the state-of-the-art in the quantification of the degree of thermal
stratification in storage tanks, has also been done in Chapter 4. Some of the meth-
ods proposed in the literature have been tested and, based on the analysis of the
results, a new exergy-based parameter has been proposed. The non-dimensional ex-
ergy parameter proposed have been capable of reflecting quantitatively the thermal
performance of the storage tanks and has been shown its usefulness in the assess-
ment of thermal storage designs. Exergy-based analysis have been proven a useful
tool for quantifying the quality of the energy stored in the tank, providing a method
for the thermal stratification studies where energy-based analyses fails.

In Chapter 5, the performance of storage tanks submitted to heat losses to the
ambient during its static mode of operation has been numerically studied. Tran-
sient convection has been parameterised by means of a non-dimensional analysis
and a parametric study has been carried out in terms of the significant parameters
identified. Rayleigh number and aspect ratio (H/D) have been confirmed as sig-
nificant parameters governing natural convection inside enclosures, as well as the

non-dimensional wall heat transfer coefficient (Û ) have been identified as a relevant
parameter to account for the tank envelope influence. The Prandtl number which
has also been identified as another relevant parameter did not influence the Nusselt
number within the range of parameters considered.

A global model based on a one-temperature level has been proposed as a pre-
diction model to evaluate the long-term performance of the fluid inside the storage
tank. A parametric study has been performed including different situations within
the working range of storage tanks for solar domestic hot water systems, with the
aim of finding the correlations to feed the prediction model. The analysis of the re-
sults have led to the development of non-linear correlations for Nu number and for
the mean temperature inside the tank.

These correlations have been verified and tested against the simulated perfor-
mance of the tanks. It has been also shown that the global model methodology pro-
posed to quantify heat losses to the ambient and predict the transient behaviour of
the temperature of the fluid is in good agreement with the numerical results. The
overall heat transfer rate in all situations is well represented by the scaling relations.
Correlations such as those developed in the present thesis can be useful for the de-
sign and prediction of the behaviour of storage tanks. However, they should be
applied with due regard for the assumptions on which they rest.

179



Chapter 6. Concluding remarks and future actions

Future actions

The design and optimistion of the thermal performance of storage tanks, including
the transient study of heat transfer and fluid flow phenomena taking place in these
devices such as the carried out in the present thesis, would require of further research
works.

Domestic hot water storage tanks are often designed with internal wrapped-
around heat exchangers for the collector loop and also for the load loop. It would
be intersting to study the influence of such internal elements in the degree of ther-
mal stratification and by consequence, its influence in the overall performance of the
system. In this sense, the use of more advanced computational tools for complex ge-
ometries (unstructured meshes) would enable this kind of studies. These techniques
would allow also the study of the influece of convex top and bottom walls, non-
axisymmetric diffusers, among other internal elements that can not be described by
means of cylindrical structured meshes.

Regarding to the mathematical modelling of the mixed convection phenomena
in storage tanks, turbulence modelling is expected to be considered in future works.
Turbulence might occur at located zones, near the inlet. In this sense, the implemen-
tation and assessment of different turbulence models should be carried out in order
to choose an appropriate modelisation of this phenomena. Low Reynolds models
or zonal RANS/LES models would be considered. The selected models should be
capable of describe the relaminarisation in the core of the tank. On the other hand,
experimental techniques and results of numerical experiments by means of the Di-
rect Numerical Simulation (DNS) of the storage should also be considered. DNS
together with experimental techniques might be used as reliable tools for a clear
understanding of turbulence effects in the entrance, to acquire experience about tur-
bulent regime of operation of the tank and thus, to select the most appropriate turbu-
lence models to be used. Although DNS would demand, a priori, a large amount of
computational resources, its application by using local refinements just in the zones
near the inlets is feasible. However, due to the requirements of small time incre-
ments, the simulation of the large working periods of the storage or its application
to parametric studies could be cumbersome.

New unsteady multi-zonal prediction models for their use in long-term simu-
lations of solar energy systems are expected to be developed. Current prediction
global models not only are dependent of a large amount of empirical coefficients, but
also are not capable of modelling the mixing effects of the incoming fluid streams.
Future research works will be planned in order to account for these effects. In this
direction, virtual prototyping of storages with different inlet ports and diffusers,
working under different conditions will be carry out. The results of such kind of
parametric studies will be used in the modelling of the mixing effects into prediction
codes.
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Correlations proposed in Chapter 5 for the characterisation of the heat losses to
the ambient of storage tanks during the still phase are limited to the range of parame-
ters studied. A generalisation of these results, including dynamic mode of operation
might be possible.

With reference to the design of storage tanks, different strategies will be studied
in the near future. The influence of different kind of diffusers to enhance stratifi-
cation is a topic widely treated in the literature. However, considering the variable
working conditions of solar energy systems (e.g. variation in solar radiation and, by
consequence, variation of the inlet temperature of the fluid), inlet diffuser designs
are still far of provide an efficient performance. In this sense, some preliminary re-
sults have been obtained with the simulation of a manifold with damping orifices to
avoid mixing under adverse working conditions. In spite of this, further numerical
and experimental studies will be required for the design and optimisation of those
diffusers. Other inlet strategies will be also considered, such as an external multi-
port inlet with a smart temperature control, to direct inlet fluid to the temperature
level most closest to its temperature.

In the same line of promote and enhance stratification of storages tanks is the
study of low-flow systems. As has been commented in this thesis, performance is
generally improved with the decreasing of the mass flow rate. The magnitude of
these improvements together with the study of different kind of inlets will be inves-
tigated.

The design of hybrid/latent storage tanks is becoming a promising alternative
to improve the storage capacity, the level of stratification and the compactness of
these devices. Different works have been also carried out at CTTC as part of an
European Reasearch Project. Following this research line, innovative concepts and
future designs might be object of future works.
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