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This study aims to assess the thermal stratification inside a standard hot water storage tank such an important device of solar water heaters. A number of flat plates
with different titled positions are integrated inside a vertical tank prototype. The purpose of this investigation is to numerically study the impact of the flat plate
positions within a vertical storage tank, which operates during the charging mode, on the thermal stratification and to conduct the possible performance
enhancements to achieve. CFD numerical comparison between two configurations was carried out and performance parameters such as temperature evolution,
Richardson number and stratification number were calculated. It was shown that thermal stratification inside the storage tank is depending on the flat plate’s
positions. Thus, increasing flat plates in different positions inside the storage tank does not establish a suitable thermal stratification. Therefore, a superior thermal
performance was achieved for the flat plate which is maintained at the middle height of the storage tank. Also, it was found that flat plate’s integration at different

angles improves the thermocline structure development.

1. Introduction

Thermal stratification in solar storage tanks has a major effect on
the thermal performance of a solar water heating system.

Preserving the thermocline stability and stratification are an effec-
tive solutions to enhance the efficiency of thermal storage devices
strained with lag time between the production and the demand, or for
an irregular available energy source. Naturally, sensible heat storage is
widely used in such systems thanks to their simplicity and low cost
especially in solar energy, air conditioning and refrigeration applica-
tions. Water storage tanks offer an attractive options for those systems
due to the low cost, the abundance and also the good water thermal
properties.

A good thermal storage tank performance and a substantial increase
in the total efficiency may be achieved by improving the thermal
stratification degree which has been the subject of various numerical
studies. For instance, Bonanos and Votyakov (2016) realized a sensi-
tivity analysis for thermocline thermal storage tank design. They find
that the thermocline is sensitive to the tank height and the filler ma-
terial properties. The properties of the fluid, the particle size, void
fraction and charging times have a secondary influence, whereas the

viscosity of the heat transfer fluid has a negligible effect on the ther-
mocline thickness. Moreover, Erdemir and Altuntop (2016) analyzed
the thermal stratification of vertical mantled hot water tank with four
obstacles. They found that placing the obstacle inside the inner tank in
vertical mantled hot water tanks improve the thermal stratification. The
best thermal stratification was obtained between Y =200 mm and
Y =300 mm the distance from the tank bottom. Recently, Fan and
Furbo (2012) presented numerical studies of thermal stratification es-
tablished by standby heat loss from a vertical cylindrical hot water
tank. They got a generalized equation that was implemented in a design
program of an existing tank optimization in order to estimate its
thermal performances.

Gandhi et al. (2013) assessed the flow patterns and temperature in
centrally heated cylindrical tank and investigated the effect of passive
devices like draft tube, fins and aspect ratio on stratification. Their
results show that using fins of suitable size with its appropriate posi-
tions severely reduces mixing time and stratification. A good agreement
was achieved between the experimental and the predicted values of
heat transfer coefficient. Also, Garcia-Mari et al. (2013) developed a
new inlet device that increase thermal stratification in a hot water
storage tank during charging based on two water inlet devices: a
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Nomenclature

Symbols

Vin inlet velocity [m/s]
Tini initial temperature [K]
Tin inlet temperature [K]

H length of the tank [m]

h location of the plate [m]
d diameter of the plate [m]
D diameter of the tank [m]

a tilt angle [°]

Qin inlet mass flow rate [kg/s]
Qout outlet mass flow rate [kg/s]
u horizontal velocity [m/s]

v vertical velocity [m/s]

conventional inlet elbow and a sintered bronze conical diffuser. The
results show that the use of conical diffuser for the hot water inlet
promotes thermal stratification of the water. Furthermore, Goppert
et al. (2009) introduced a new computation method for stratification
pipes of solar storage tanks making the effects estimation of the con-
structive and the determination of the individual fluid flows changes
possible. A good agreement was found for a simple charge system using
comparison with CFD. Joseph et al. (2016) studied the effect of in-
sulation thickness on pressure evolution and thermal stratification in a
cryogenic tank. The results show that the reduction in insulation
thickness can increase in pressure rise and in stratified mass when tank
is insulated with lower insulation thickness. In addition, Kong et al.
(2016) performed a CFD simulations of thermal stratification inside
cylinder with openings in a heat storage water tank. They conclude that
cylinder insides the tank plays a role of uniform diffuser, so that the
water in the tank is forming thermal stratification.

From the literature survey, draw-offs and loading hot water can
seriously affect thermal stratification and the overall efficiency of small
solar domestic storage tanks, as it was detailed in the recent work of
Jordan and Furbo (2005). Besides, the effect of a porous manifold on
thermal stratification inside a liquid storage tank was investigated
through the work conducted by Yee and Lai (2001). Moreover, using
different inlet stratifiers would severely assign thermal stratification
Dragsted et al. (2017). Furthermore, Wang and Davidson (2015) pro-
posed a permeability selection of a porous tube thermal stratification
manifold so as to enhance its performance, besides finding an optimal
operating point. Last but not least, Brown and Lai (2011) carried out
experimental investigation to enhanced the thermal stratification
within a liquid storage tank which integrates a porous manifold.

Brown and Lai (2011) studied experimentally enhanced thermal
stratification in a liquid storage tank with a porous manifold and its
effectiveness. Furthermore, Wang and Davidson (2017) investigated the
performance of a rigid porous-tube stratification manifold in compar-
ison to an inlet pipe. In addition, Haller et al. (2010) presented a new
method for the calculation of a stratification efficiency of thermal en-
ergy storage processes independently from storage heat losses. Brown
and Lai (2011) performed numerical analysis of single tank thermocline
system with different HTFs to investigate the performance of single-
tank thermocline storage systems for CSP plants.

Several recent studies which aim to assess and to optimize hot water
storage tanks energy performance are carried out through CFD simu-
lations. A Cylinder with Openings (ICO) was integrated inside the stu-
died tank, and Allouche et al. (2016) validated a CFD model used to
simulate the heat transfer in a tubes-in-tank PCM storage unit. More-
over, Kassemi and Kartuzova (2016) studied the effect of interfacial
turbulence and accommodation coefficient on CFD predictions of
pressurization and pressure control in a cryogenic storage tank.

P density [kg/m3]

B thermal expansion coefficient [1/K]
u dynamic viscosity [Pas]

G specific heat capacity [J/K'kg]
T temperature [K]

A thermal conductivity [W/K'm]
Ri Richardson number

Tiop tank top temperature [K]
Thottom tank bottom temperature [K]
Abbreviations

CFD Computational Fluid Dynamics
Str Stratification number

Furthermore, Cascetta et al. (2016) compared their CFD simulations to
the experimental investigations of a packed-bed thermal energy storage
system. Recently, Miana et al. (2011) worked on the enhancement of
the thermal design of bitumen emulsion tanks by Scale Analysis. CFD
models and experimental tests were used for this purpose assessment.
Besides, N.H.S. Tay et al. (2012) conducted experimental validation of
CFD model for tubes in a phase change thermal energy storage system
in order to increase its energy storage performance. Meng and Zhang
(2017) performed experimental and numerical investigation of a tube-
in-tank latent thermal energy storage unit using composite PCM. Last
but not least, Kaloudis et al. (2016) launched numerical simulations of
constant-influx gravity currents in confined spaces. The thermal storage
tanks were a case of their application.

Nash et al. (2017) modeled under three operation modes a dynamic
sensible thermal energy storage inside a tank equipped with an im-
mersed coil heat exchanger. In addition to this, Wang et al. (2017a)
investigated the thermal stratification of a dynamic hot water storage
tank with a novel inlet through experimental and numerical research
methodologies. Jin et al. (2017) investigated experimentally a Novel
Multi-Tank Thermal Energy Storage System for Solar-powered Air
Conditioning application. Moreover, Rahman et al. (2016) conducted a
performance modeling and a parametric study of a stratified water
thermal storage tank.

Gasque et al. (2015) studied the influence of inner lining material
on thermal stratification in a hot water storage tank. Furthermore,
Saghi and Lakzian (2017) optimized a rectangular storage tanks used
for the sloshing phenomena through an entropy generation minimiza-
tion. Adolfo et al. (2014) analyzed numerically a thermal storage tank
which is used as a part of a 20 kW for a Solar/gas Adsorption Air
Conditioning System (ACS). Recently, Ali et al. (2015) studied the effect
of a thermal fluid and the design of a thermal energy storage tank in
Solar Energy Applications (SEA). Also, Reddy et al. (2017) investigated
the performance of single-tank thermocline storage systems for CSP
plants, and Votyakov and Bonanos (2015) developed an algebraic
model for thermal storage tank thermoclines using filler materials.

Investigating the obstacle’s effect on thermal stratification in hot
water storage tanks was presented in the work of Altuntop et al. (2005),
because of its importance to define its energy performance. In addition
to this, Gyiire and Jéanosi (2003) have characterized a stratified flow
over asymmetric and double bell-shaped obstacles. Moreover, Gross
et al. (1987) conducted several numerical simulations in order to de-
scribe the dispersion over and around a steep obstacle intended to vary
thermal stratification. An other study was performed by Wang et al.
(2017b), it has investigated a novel equalizer structure designed to
enhance thermal stratification characteristics within a dynamic hot
water storage tank.

As we can see, thermal stratification is affected by many factors such



as the aspect ratio of the tank (height to diameter), heat losses to the
surroundings and the mixing due to the inlet and outlet streams.
Through the current study, another technique which aims to enhance
the thermal stratification by the integration of a flat plate inside the
solar storage tank is conducted. Hence, this paper focuses on the effect
of the flat plate’s positions and orientations on the thermal performance
for two storage tanks configurations. The CFD commercial code Fluent
15 was used in order to carry out the numerical simulations and also to
explain the numerical observations and results.

2. Context of the study

The models representing the thermal stratification in hot water
tanks treat in their majority the case of a vertical tank fed out with cold
water from the bottom and providing hot water from the top according
to load profiles. The stratification is modelled by dividing the tank into
sufficiently fine horizontal layers for numerical stability reasons. For
each layer, the energy and mass equations were established. The re-
solution of the total system provides the temperatures characterizing
the tank layer’s according to water loading profile, the required heating
energy (electricity at night and solar supplement or gas during the day
consumption)....

Hot water production constitutes one of solar energy’s privileged
applications in the buildings. This is due to the nature of the need: hot
water temperature (between 45 and 60 °C), weak variation needs
during the year. In addition to the solar collectors, the essential com-
ponent of a solar water heating system is the hot water storage tank
(Fig. 1). The energy stored inside the tank is increased, if the stratifi-
cation is well improved. Consequently, the aim of the current study is to
understand the thermal behaviour of the storage tank by conducting a
CFD parametric study on a standard storage tank as schematically
presented in Fig. 1.

2.1. Definition of schematic configurations

In the present paper, a numerical investigation was conducted on
two thermal storage tank configurations as presented schematically in
Figs. 2 and 3.

Fig. 2 presents the geometric model of the solar hot water storage
tank fit with a metal flat plate sufficiently thin located at a height of h
with a diameter d. The physical model for charging process in cylind-
rical tank consists of an outlet and an inlet ports in the right side of the
wall tank. The cold water inlet is from the bottom of the tank and the
hot water outlet is from its top as presented in Fig. 2. The inlet supply

Solar collectors
Storage tank
2601

Hot water

has uniform velocity v;, = 0.1694 m s~! and temperature of T, = 15 °C.
The external walls and flat plate are kept adiabatic. 2D unsteady flow
models in charging mode were built in Fluent CFD commercial soft-
ware. It was used as the CFD solver and the grid generator respectively.

Seven different storage tank configurations were considered with
flat plates placed in three positions (Bottom, Middle and Top) inside the
vertical standard hot water tank. Thus, the performed configurations
are: 1-Bottom, 1-Middle, 1-Top, 2-Bottom-Middle, 2-Middle-Top, 2-
Bottom-Top and 3 flat plates completely integrated inside the storage
tank as presented in Fig. 2. The aim is to study the effect of flat plat’s
positions on thermal stratification inside the standard storage tank.

Fig. 3 illustrates the second configuration of the schematic storage
tank. In this case, the outlet and inlet nozzles are located at the centre
top and bottom surfaces of the storage tank respectively. The storage
tank is equipped with a metal flat plate also sufficiently thin located at
mid-height with a diameter d. The water tank dimensions are illustrated
in Fig. 3. The inlet flow passes from the area between the main tank and
the flat plate. This configuration was designed to reduce the jet flow
which causes mixing process. The hot water flow is extracted from the
highest the tanks point to make sure the outlet temperature is max-
imum. Simulations were performed with initial and inlet temperatures
of 50 °C and 15 °C respectively for a uniform velocity of 0.1694 m s,
Also, the external walls and flat plate are maintained adiabatic.

In this configuration, the storage tank contains a flat plate placed in
different orientations quantified by the angle a which varies from 0 to 7
(0 < a < 7) as presented in Fig. 3. The main purpose is to study the
impact of flat plat’s angle on thermal stratification inside the vertical
storage tank.

An optimized adaptive mesh refinement solution is used in order to
better predict the internal flow field behaviour, so that a finer mesh was
applied to the whole flow field and for predicting correctly the features
of the flow. The CFD code was accounting for a two-dimensional effects.
Indeed, a 2D section passing throughout the half of the tank was
modeled since the tank’s geometry was symmetric and all the results in
term of temperature contours and streamlines were plotted on it.
Working on a 2D section decreased the computational time and it was a
suitable approach to model the cycles of charging and discharging
which occur during water consumption.

The main objective of the present study is to investigate the thermal
flow fields evolution during the charging operation mode and the
process of thermal stratification establishing inside the studied storage
tank.

Fig. 1. Insitu picture of the storage tank subjected to the
numerical studies.
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Fig. 2. Schematic configurations of the storage tank with different flat plat’s positions.
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Fig. 3. Schematic configurations of the storage tank with different flat plat’s orientations.



2.2. Mathematical formulation

Unsteady two-dimensional flow models of heat transfer inside a
standard storage tank were governed by the general following as-
sumptions:

1. The working fluid is incompressible.

2. The thermophysical properties of the liquid are constant except for
the density variation with temperature, which is responsible for the
generation of thermal buoyancy, for using the Boussinesq approx-
imation.

3. The liquid is Newtonian.

. The viscous dissipation is negligible.

5. Fluid motion is laminar and two-dimensional.

N

The energy and Navier-Stokes equations in two-dimensional form
were used to solve the transient hydrodynamic and thermal fields.
Therefore, the resulting governing equations with consideration of
gravity effect can be written as follows taking into account the fore-
going assumptions:

2.2.1. Continuity equation
The continuity equation is formulated in the following manner in
cylindrical co-ordinate system:

V.u=0 (@)

Eq. (1) can be applied to incompressible fluids, meaning that
p(r,z,t) = constant. Where t is time, the z and r mean the vertical and
the radial directions respectively.

2.2.2. Momentum equation
The following Eq. (2) is the representation of the momentum
equations in cylindrical co-ordinate system.

P22 4 (ou. V)u = —Vp + V. tB(T—Tiy)g

ot ()]

where p is the static pressure, 7 is the stress tensor (described below),
pB(T—T.ys)g is the gravitational body force.
The stress tensor 7 is given by Eq. (3):

7=pu[(Va + Vuh)] 3

where u is the molecular viscosity.

2.2.3. Heat transport equation
The 2D diffusion/convection equation is solved to calculate the
temperature field (Eq. (4)):

oG, or + pCou-VT = V-(AVT)

ot 4

where C, is the specific heat of the water at constant pressure and 4 is
the laminar thermal conductivity of the fluid.

2.3. Mesh grid

A structured grids was used and the final mesh was composed of
about 127,000-140,000 elements depending on the considered storage
tank configuration. The cells close to outlet and inlet apertures and
walls are small enough to capture the complex flow structure as pre-
sented in Fig. 4.

2.4. Boundary conditions

The resolution of the equations governing the heat transfer inside
the storage tank requires the incorporation of boundary conditions for
both configurations and for each dependent variable (see Fig. 3). The
boundary conditions of the studied configurations and their geometrical

dimensions are presented schematically in Fig. 5.

Water was used as a working fluid filling the storage tank. The
pressure inlet boundary conditions applied to the fluid flow and the
outlet of the water storage tank is assigned to be a pressure outlet
boundary condition. Adiabatic thermal condition is applied for the
storage tank walls by setting a zero heat flux at the wall surfaces. No-
slip condition is applied at all solid surface walls, i.e., the velocity of the
fluid at the wall is zero. That is, the water fluid at the walls is not
moving. The condition prescribes:

u=v=20 (5)
The zero heat flux boundary condition is assigned to every bottom,
top and side tank walls, assuming the surface walls are perfectly in-

sulated from the outside. According to Fig. 3, the equations for this
boundary condition are as follows:

e Configuration (a)
— At the adiabatic top and bottom surfaces:

orT D D
u=v=0and — =0at — <r<—z=0andz=H
ar 2 0 T2 ©)

— At the adiabatic side walls:

oT D
u=v=0and — =0at 0<z<Handr=—
ar SES 2 )
T
u=v=0and a—=Oat0<z<e—g,e+g<z<H—e'—g,H—e'
or 2 2 2
a D
+—<z<Handr=—
g Sesaadr=n ®)
— At the adiabatic flat plate:
oT d d
u=v=0and — =0atz=hand —— <r< —
ar 20 T2 9
e Configuration (b)
— At the adiabatic top and bottom surfaces:
oT D b b D
u=v=0and — =0at — <r<—, —<r<—,z=0and z=H
ar 2 T 2727 T2
(10)
— At the adiabatic side walls:
Outlet positions

| Flat plates

Inlet positions

Fig. 4. Structured mesh grid of the storage tank for both configurations.
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3. CFD code validation

Zachar et al. (2003) tested a transparent tank which allowed them
to visualize the stratification when dye is injected into water. Fig. 6
represents a two-dimensional section of the experimental tank on which
its dimensions are indicated. The temperature inside the tank was
measured by a thermocouple tree on which a series of 20 sensors were
stuck. The thermocouple tree is located half way between the symmetry
axis and the wall tank. Zachér et al. (2003) validated their experimental
measurements through the development of their own house program,
and also by using the CFX commercial code. The commercial code
Fluent 15 was used to reproduce the results presented in the study of
Zachér et al. (2003). The validation study is based on the comparison of
the temperature evolution in the axial direction inside the tank as
presented in Fig. 6.

3.1. Experimental section

The cylindrical tank that is the subject of the experimental study has
an internal diameter of 400 mm, a length of 800 mm. The part at which
the charging and the discharging operations are carried out is located in
the middle top and bottom sides of the tank. The diameter of these
nozzles is 200 mm. A very thin plate with 300 mm in diameter is lo-
cated in the lower zone of the tank. It is 40 mm apart from the injection
nozzle. Its role is to decrease the flow velocity coming from the inlet
section and thereafter to improve the stratification inside the tank. The
operating conditions used for the validation are an imposed flow
Qin = 0.26 kg/s at the inlet nozzle. The tank walls are insolated and the
map of acquisition is connected to a computer and ensures the re-
cording of the temperature at the end of each 10s.

3.2. CFD model

Transient CFD simulations were performed to validate the numer-
ical results against experimental measurements. The SIMPLE algorithm
is used for the pressure-velocity coupling. The second order scheme and
the first Upwind method are used for the discretization of pressure and
the momentum/energy equations respectively. A time step in the range
0f 1073-10~* and a cell size of 4 mm are found to be appropriate and are
used in the calculations. The flow regime is supposed to be laminar
because of the low flow in the charge discharge cases which were
studied during the experiment. The transient simulation starts from a
tank with a uniform temperature of 40 °C. A zero velocity field is as-
sumed at the start of all the simulations. The numerical solution is
supposed to be convergent when the scaled residuals for the continuity,
the momentum and the energy equations are less than 107%, 10~ and
10~8% respectively. A parallel calculation was launched on a Z600
workstation (16 CPU, 32 Go RAM). The computational time lasts 9 h as
an average with a time step value of 1073 s.

Fig. 8 presents the axial position effect on the variation of the di-
mensionless fluid temperature T* which is defined as follows:

Oy
20mm H
The temperature measuring line
400 mm
Hot water storage tank map
: 800mm
:100mm
H
300mm
Stratificaion plate -
] A0mm
20mm I—-l
0,

Fig. 6. A two-dimensional section of the experimental tank illustrating its dimensions.
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A good agreement was found between our numerical and the ex-
perimental results. We distinguish between three temperature evolution
zones. The first zone is represented by the first quarter of the tank
which extends over 200 mm. The temperature difference T—T;, is very
important, which means that the ramp curve of z = fct (T*) is important
too. The difference in temperature over the second quarter which ex-
tends over 135 mm (from 0.2 cm to 0.35 cm) is less important. Indeed,
the dimensionless temperature varies between 0.1 and 0.9. The degree of
stratification is average. For the last two remaining zones
0.35cm < z < 0.8 cm , the energy storaged inside the tank is maximal
since the dimensionless temperature is equal to 1. (Lack of stratification
in these two zones).

Fig. 7 presents the effect of injecting cold water at 20 °C on the static
temperature contours evolution between 20 s and 180 s. They visualize
the effect of the charge and discharge operations on the thermal stra-
tification layers.

The effect of different vertical positions on the dimensionless

() I

temperature T* is shown in Fig. 8. This figure illustrates the effect of
injecting cold water at 20 °C on the static temperature contours evo-
lution particularly in the time interval [20 s; 180 s].

The initial hot temperature decreases due to the injection of cold
water from the lower nozzle. The magnitude of the dimensionless
temperature is minimal as well as concentrated at time t = 80 s around
0.8 and 1 compared to the other instants recorded. This result is in-
dependent of the effect of the position, because the initial hot water is
not yet mixed with the cold water charged. Subsequently, the extension
of the dimensionless temperature increases and occupies a larger in-
terval [0.05; 0.95] from time t = 120 s for a position H = 500 mm of
the tank.

Values of the experimental dimensionless temperature measured by
Zachar et al. (2003), our numerical results, as well as the relative errors
are presented in Table 1. A slight relative errors are observed which
proves that our simulation results are in a good agreement with the
experimental results carried out by Zachar et al. (2003).

Temperature: 294 296 298 300 302 304 306 308 310 312

120s 140s

160s 180s

Fig. 7. The effect of injecting cold water at 20 °C on the evolution of the static temperature contours between 20 s and 180 s.
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Fig. 8. Validation curve: The evolution of the dimensionless temperature along the tank height.

Table 1
Comparison between the numerical dimensionless temperatures and the relative error’s
evaluation.

Experimental results Our numerical results Relative error (%)

T—Tin Positions (cm) T—Tin Positions (cm)
Tini = Tin Tini = Tin
0.13 0.24 0.13 0.32 0
0.137 0.24 0.131 0.32 4.37
0.2 0.25 0.2 0.34 0
0.27 0.26 0.27 0.35 0
0.37 0.28 0.37 0.37 0
0.54 0.3 0.54 0.39 0
0.69 0.32 0.68 0.41 1,44
0.84 0.35 0.83 0.445 1,19
0.91 0.37 0.91 0.45 0
0.98 0.41 0.99 0.49 1,02
0.99 0.52 0.99 0.52 0
1 0.55 0,99 0,55 1
1 0.55 1 0,55 0

t=100s

Temperature

Bottom

320
318
314
312
310
306
302
300
298
296
294
292
290

Bottom-Middle

4. Results and discussion

In the present study, a set of numerical simulations were performed
to predict the performance of stratification inside a storage tank. As
previously described, two configurations were used: configuration A
with a flat plate placed at different positions while the configuration B
represents the flat plate oriented at various « inclinations. The flat
plates effect positions on thermal stratification was investigated. Thus,
a two dimensional section of water temperature contours and stream-
lines, Richardson number, Stratification number of the tank, average
and outlet temperature were used as indicators to determine the
thermal stratification efficiency.

4.1. Temperature contours and streamlines

4.1.1. Configuration A with different positions

The temperature stratification inside the storage tank is affected by
several factors. Therefore, the flowing section illustrates the effect of
flat plates placed at different tank heights as well as their orientations
on the temperature distribution inside the tank and the mixing beha-
viour at different time histories.

Fig. 9 describes the evolution of water temperature contours during

Three plates

Fig. 9. Effect of flat plate at different positions on temperature contours (Configuration A).



the dynamic operation for different flat plates ranging: bottom, middle
and top at t = 100 s. Simulation data are represented on the (r,z) plane
and the tank height and diameter are fixed and have values of 1230 mm
and 630 mm respectively to provide the required effect of flat plates
integration. For all the performed simulations, the transient flow be-
havior especially the thermocline development and the accompanying
entrainment mechanisms were presented. During the charging process,
the collision of the incoming cold jet with the bottom layers produces
vortex near the inlet port. The cold water with heavy density falls down
dragging simultaneously the upper-layer water into the bottom. Due to
buoyancy effect, the dragged-down filament rises up and diffuses
amongst the fluid layers causing additional convection motion. These
unbalanced forces of gravity and inhomogeneous penetration con-
tribute to the enhancement of mixing which may extend to include
most of the tank volume. As time progresses, the mixing zone widens
continuously and the thermocline region tends to migrate from the
bottom to the top of the tank. Through the graphs of isotherms fields.
This phenomenon is clearly apparent for all flat plate’s positions con-
figurations at t = 100 s where the uniform region is taking over more
than the half of the tank while the stratified one at the top becomes
much thinner and thus results in a well-mixed tank.

Concerning the dynamic field represented by the contours of
streamlines in Fig. 10. The flat plate are placed in three different status,
i.e. in the bottom, middle and top positions inside the tank. For every
case, it is assumed again that the cold fluid is charged from the bottom
and it is loaded from the top outlet. As the hot fluid flow is initiated
through the bottom port inlet, the tank cold fluid adjacent to the in-
terface of the flat plate is progressively heated and flows upward due to
the buoyancy force. The uprising warm fluid in the tank around the
vicinity of the tank wall impinges to the top horizontal wall and turns
towards the centerline of the tank and pushes the cold fluid to drop
down around the centerline. Hence, a recirculation zone is formed at
the bottom and top regions of the tank as may be seen in Fig. 10. As
time passes, the hot water at the top region is replaced with the warmer
water, and pushes down the previously hot fluid layer, causing the
formation of a stable thermal stratification. The lower part of the tank is
occupied with an almost stagnant cold fluid.

Comparing streamlines for the three cases shown in Fig. 10, we
notice the appearance of a single circulation zone extends along the
tank’s diameter above the flat plate when it’s placed at the bottom of
the tank. The flow is oriented towards the outlet. As a result the plate

Bé ttom-Top

positioned at the bottom does not contribute enough to improve the
thickness of the thermocline. Thus, the storing time of the stored hot
water is not improved because of the inappropriate orientation of the
streamlines.

By placing the flat plate in the middle, we observe the development
of two rotating lobes. The first lobe at the tank bottom and the second
lobe at the exit nozzle. Moreover, a set of thermoclines appeared on
both sides of the plate placed in the middle. From Fig. 10, we notice
that the storing time of the hot water is improved compared to the
bottom configuration.

The zone at the bottom is occupied by a volume of water of low
temperature (290 K) characterized a single large lobe which extends
along the diameter of the tank since the flat plate is located at the top
tank. Another circulation area occupies the volume above the plate. It is
disturbed by rising streamlines from the bottom and enters through the
ends of the plate.

Concerning the integration of two flat plates in bottom-middle in-
side the storage tank. A large volume of hot water above the middle
position enters in recirculation following the introduction of lukewarm
water from the ends. This configuration maximizes the storing time of
the hot water through the reduction of the mixture.

In bottom-top configuration, the streamlines shape’s which are de-
veloped in the middle of the tank are similar to those of the bottom, a
configuration where the energy previously stored is damaged by the
injection of cold water coming from the bottom nozzle.

The middle-top is characterized by the development of three cir-
culation zones at the bottom, middle and top. The overall structure of
the flow is disturbed and the range of the thermocline is less important
than that of the bottom-top configuration.

Regarding three flat plates case, two circulation zones appear and
are symmetrical to the axis of the tank. Two other zones appear along
the plate in the bottom position. The range of the thermocline of this
configuration is almost similar to that observed in the middle-top
configuration.

For all configurations, we concluded that placing the flat plate
around bottom position of the tank, the fluid on the upper part of the
tank has a higher temperature at the same time and thermal stratifi-
cation is reached over a higher section in the tank, while by placing flat
plate around the bottom section of the tank, the maximum fluid tem-
perature in the upper part of the tank is much lower than the two other
cases and thermal stratification is created in much lower height of tank.

Fig. 10. Effect of flat plate at different positions on streamlines (Configuration A).



It is seen from Fig. 10, that a secondary recirculation zone is formed at
the top of the tank which prevents the warm uprising fluid to reach the
top of the tank and hence a temperature incursion is formed there. By
placing the flat plate in the middle or the top positions, the secondary
recirculation is diminished and the center of the main circulation moves
upward and becomes closer to the tank wall. For these two cases, the
bottom region of the tank is occupied with a cold and relatively mo-
tionless fluid.

4.1.2. Configuration B with different orientations

Fig. 11 depictes the temperature contours of charging process for
different flat plates angles ranging from 0° to 180° at t = 100 s. In this
configuration, the tank height and diameter are constants and have
values of 800 mm and 400 mm respectively to illustrate the required
effect of flat plates integration. The cold flow enters the tank from
bottom surface and the hot flow exits the tank from the top surface. The
outlet flow has high momentum energy and the inlet cold water diffuses
inside the tank and causes mixing flow on the top layers. In addition,
the inlet jet flow strikes the opposite wall with significant impingement
effect at high aspect ratio that affects the flow structure inside the
storage tank. The results show that the flat plate inclinations have a
significant effect on the temperature stratification during the charging
process. As we can observe, the tank with flat plate inclination of « = 0°
is providing homogeneous temperature stratification. The case of
a = 30° is charging fast compared to other cases where the jet flow from
water bottom inlet strikes the flat plate wall as shown in Fig. 11. As a
result, the flow temperature near the top wall is slightly high compared
to other locations. For the same time, the flow structure on the top of
the tank is almost the same for the cases of « = 0° and a = 45°. Ac-
cordingly, the thermal stratification develops rapidly towards the exit
port at a = 120° because the water temperature increases significantly
in time.

The streamlines distribution inside the tank at t = 60 s for different
flat plates inclinations is illustrated in Fig. 12. The solution has non
symmetrical flow characterized by different counter-cells due to the
non symmetry of boundary conditions. Some cells rotate in the direc-
tion of clockwise and the others rotates in the opposite direction for all
flat plate’s inclinations: o = 0°,a = 30°a = 45° and a = 120°. When we
change the angle of the flat plate, the intensity of the recirculation
within the tank increases and the centers of the streamlines move up-
ward. Moreover, the flow is also characterized by the development of
the circular rollers in both storage tank bottom and top positions. As the
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Fig. 11. Effect of flat plate orientations on temperature contours (Configuration B).
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hot fluid flow is initiated through the bottom port inlet, the tank cold
fluid adjacent to the interface of the flat plate is progressively heated
and flows upward due to the buoyancy force. The uprising warm fluid
in the tank around the vicinity of the tank wall impinges to the top
horizontal wall and turns towards the centerline of the tank and hence
pushes the cold fluid to drop down around the centerline. As a result, a
recirculation zone is formed at the tank bottom and top regions as may
be seen in Fig. 12. As time elapses, the warm fluid at the top region is
replaced with the warmer fluid, and pushes down the previously warm
fluid layer, causing the development of a stable thermal stratification.
The lower part of the tank is occupied with an almost stagnant cold
fluid.

4.2. Tank outlet and average temperatures eyolution

The evolution of the average tank temperature as well as the hot
water outlet temperature for different plate position’s which are in-
serted into the tank are presented in Fig. 13. These two performance
indicators decrease as a function of time, due to the cold water charge
supplied and which replaces the volume of the hot water consumed.
The use of a single plate at the middle, at the top and their middle-top
combination does not greatly influence the two parameters mentioned
above. On the other hand, the use of three plates inside the tank im-
proves the average temperature by only one degree from the instant
t = 200 s. Moreover, the temperature of the pulsed hot water is dis-
turbed from time ¢ = 225s because of the additional number of ob-
stacles (the combined influence of the plate at the bottom and the plate
at the top), if we compare it with the three other studied cases.

4.3. Temperature distribution along the tank height

The evolution of the temperature along the vertical axis of the
storage tank (z axis) according to three lines (line 1, line2 and line 3) is
presented in Fig. 14. This indicator describes the temperature long-
itudinal variation for three positions as a function of time: for a plate
inserted at the bottom, for two plates inserted at the middle and at the
top and finally for three plates inserted at the bottom, middle and at the
Top of the tank.

In both cases, lines 1 and 3 are used to measure the axial tem-
perature changes between the end of the plate and the inner wall of the
tank, while line 2 represents the measurement of the temperature
evolution along the axis of the cylindrical tank. For the last case, three
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Fig. 13. Effect of flat plate positions on temperature evolution (Configuration A).

plates were inserted inside the tank, line 1 is used to measure the
temperature between the end of the plates and the internal surface of
the tank. The two lines 2 and 3 measure the evolution of the axial
temperature between the two plates inserted at the middle and at the
top respectively.

The configuration with two plates localized at the middle and the
top delay the mixing of layers of laminated water that mixes with the
cold water charged. Contrary to the configuration that involves a single
plate at the bottom tank, where the thermocline is quickly destroyed.
The use of three plates and two plates preserve the extended thermo-
cline for a duration of 250 s as presented in Fig. 14.

4.4. Richardson number

The Richardson number is an important parameter that governs the
fluid flow and it is extensively used to describe stratification in hot
water storage tank (Castell et al., 2010). The Richardson number is a
measure of the ratio of buoyancy forces to mixing forces, which is ex-
pressed by:

_ gﬁH(Eop_Emttom)

Ri .
Vin a4
As can be seen, a beneficial thermal stratification can be realized for
Ri > 1. The evolution of the Richardson number for the two
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configurations A and B is presented in Fig. 15. The trends of this in-
dicator are strongly affected by the position, number, and the plates
orientations. The Figures compare the evolution of Richardson number
as discharging progressed for the two configurations. For the config-
uration A, the arrangement of two Middle-Top plates presents a Ri-
chardson number whose evolution is more stable (between the two
values 1.8 and 4.5) as a function of time in the interval [50 s; 250 s]. As
observed, a smaller Richardson number is obtained at ¢t = 150 s which is
implying a lower degree of thermal stratification. This can be explained
by the fact that the flow pattern in vertical tank is influenced by mixing
forces. In this case, mixing forces are more pronounced due to the ex-
isting of two recirculation zones. Regarding the configuration B, a
horizontal plate located in the middle of the tank (a = 0) is optimal,
because the Richardson number is minimal and decreases to 1 over the
interval [15s; 100 s].

4.5. Stratification number

4.5.1. Configuration A with different positions

The stratification number is an adimensional number used to
characterize stratification inside a vertical storage tank (Abdelhak
et al., 2015). This important parameter could effectively evaluates the
thermal behavior of the storage tank in the discharging process. Thus,
to get more detailed information on the development of thermal
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stratification for both the studied configurations, the stratification
number expressed as the ratio of the mean of the transient temperature
gradients to the maximum mean temperature gradient for the charging
and discharging processes was used, as expressed by Eq. (15):

(%),

Str(t) = aT—
(a_T) _ 1 Z (Tm—Tj)

oz t J-1 =1 Az (16)
(a_T) — Tnax—Tin

0% Jax  U—-DAZ a7

The racking applied flow makes the discharging time of the tank
lasting 250 s. For this reason, the stratification number evolution was
assessed during this period. The stratification number Str is calculated
during this study at two different positions z = H/2 and z = 3H/4 to
predict the effect of flat plate position on the degree of stratification
inside the storage tank. Figs. 16 presents the evolution of the Str over a
period of 250 s for z = H/2 and z = 3H/4 respectively.

The evolution of the Stratification number indicator as a function of
time for two precise localizations located at z = 3H/4 and z = H/2 of
the configuration A is presented in Fig. 16. It is in our interest to keep a
maximum lamination number during the charging/discharging opera-
tion to ensure optimum thickness of the thermocline. This indicator is
influenced by the difference in the local temperature varying along the
axis of the vertical tank and the minimum temperature of the water to
be charged. For the height z = 3H/4, the flat plate located at the middle
top configuration performs best during the 200 s operating cycle, as this
indicator is maximum and remains above other configurations. Con-
cerning the height z = H/2 which is the midpoint of the tank. We note
that the flat plate at the middle configuration improves the thermocline
better in comparison with the remaining configurations. This localiza-
tion z = H/2 demonstrates the contribution of different arrangement of
the plates inserted in the improvement of the tank lamination. Never-
theless, it’s interesting to keep a good stratification close to the point
where the hot water extraction is carried out (z = 3H/4). Reason why
the insertion of two plates at the Middle-Top level of the configuration
A is the most optimal in relief with the other studied cases.

For z = H/2 (Fig. 16),and during the discharging mode(t < 150 s),
the middle configuration has a Str greater than the remaining config-
urations. It decreases from its maximum value 1 to 0.1. After 150 s
(150 < t < 200s), the middle-top configuration optimizes the
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stratification number, followed by both three-plates and bottom con-
figurations. In the last quarter time (200 < ¢ < 250 s), the flat plate lo-
cated at the middle position maintains Str at its value of 0.08. This
configuration is followed by the others cases including Bottom-top and
top plates.

Concerning z = 3H/4 (Fig. 16), three intervals of the Str evolution
during the drawing time of the hot water are distinguished. For
50 < t < 100 s, the bottom-top configuration is optimal. It is followed by
the two others configurations, i.e, middle-top and three-plates. For
100 < t < 200 s, the effect of the position is taking place. The bottom-
top configuration optimizes Str which is followed by the middle and
then the top configuration. On the last interval (200 < t < 250s), we
notice that the instant t = 200 s represents an inflection point for the Str
for both configurations middle and middle-top. Indeed, the Str increases
from 0.2 to 0.3. This number in the middle-top, bottom-middle, three-
plate and bottom-top configurations continues to decrease to take the
final value of 0.05. The stratification speed for the middle-top config-
uration is slower than the remaining ones. We conclude that for
Z = 3H/4, the middle configuration optimizes Str during the hot water
discharging mode.

4.5.2. Configuration B with different orientations

Stratification number evolution as a function of time for config-
uration B is presented in Fig. 17. This indicator was evaluated for a
point located at height of z = 3H/4. The inclination of the & = 30° plate
optimizes the Stratification number over an operating time spanning
equal to 80 s. Indeed, it operates within a margin between 0.65 and 0.85.

5. Conclusion

The major purpose of this study is to develop CFD numerical fra-
mework in order to assess thermal stratification in vertical solar storage
tanks, which is a device mainly used in solar water heating systems.
First of all, the used CFD code was validated against a literature ex-
perimental results and a good agreement was found. Thereafter, two
main storage tank’s configurations were studied. The main difference
between Configuration A and B was the position of the nozzles from
which the charge and discharge operation occurs, in addition to the
number of flat plates integrated inside the tanks, their positions and
their tilt angle.

A set of performance indicators were defined to carry out this CFD
numerical performance assessment, such as temperature and stream-
lines contours, Richardson and stratification numbers, and eventually
the hot water temperature to load and the temperature evolution in
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some specific areas where the thermocline is important to describe.

The major findings of the current analysis were that the tank with
two plates located at the Middle and Top is the optimum case for
configuration A, and the tank with a 30° tilted plate is offering the best
performance for the configuration B, because the thermocline extent
and the stratification number values were important, and finally a
Richardson number which is greater than 1, which means that the
buoyancy forces overcome the mixing forces. All in all, our numerical
simulation results served to analyze the flow characteristics and the
thermal stratification performance during charging and discharging
phases for two vertical storage tanks configurations.
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