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A numerical investigation into the influence of baffle placement on thermal
stratification within a vertical cylindrical cold-water tank is conducted. The tank,
sporting a diameter of 400 mm and a height of 1000 mm, incorporates inlet and outlet
ports of equal diameter (17.39 mm). The baffles, integral to this study, are of 200 mm
in length and 2 mm in thickness. The study leverages computational methodologies to
decipher the equations that govern heat transfer and fluid flow within a baffle-integrated
tank. The tank commences with an initial water temperature of 4.4°C, and an inflow of
water at 13.3°C, from the upper left side. Validation of the adopted tests is sought
through experimental data available in extant literature. The abstract delves into the
impact of baffle number and positioning on a multitude of elements—thermocline
temperature, streamline creation, vortex formation, velocity vectors, Stratification
Number, and Richardson Number—across varied cases during the discharging phase.
The introduction of one or two baffles exerts a marginal effect on temperature
distribution contours. However, a third baffle accentuates this impact, expanding the
hot—cold interface with a pronounced penetration effect within the tank. Interestingly,
the influence of three baffles on temperature distribution contours diminishes at a
discharging time of 2173.4 s. This study provides insight into the nuanced role of baffles
within thermal storage tanks, elucidating key considerations for their optimal placement
and number.

1. INTRODUCTION

Solar hot water tanks, utilizing gravitational stratification to
separate cold and hot water, are established energy-saving
tools. A stratified tank, due to its simplicity and cost-
effectiveness, is particularly suitable for low to medium
operating temperatures. However, meeting diverse energy
requirements, such as hot water, space heating, and air

conditioning, necessitates higher storage tank temperatures [1].

An increasing number of researchers are investigating the
performance of thermal storage systems, both numerically and
experimentally [2-7]. The broad scope of thermal energy
storage and its varied roles across different energy sources
have been examined. Discussions have encompassed solar
power production, building thermal comfort, and other
specialized uses of thermal energy storage. Furthermore, in-
depth reviews of thermal energy storage materials have been
conducted, considering their properties, cost, operating
performance, and applicability to specific requirements [8, 9].

The term "thermocline" denotes the mixing layer between
cold and hot water, where the thickness of the thermocline
becomes a critical parameter used to characterize thermal
stratification. It has been previously established that within a
highly stratified storage tank, the thermocline layer should be
minimized [10]. Consequently, there has been a global surge
in interest in thermal stratification in water tanks, with
numerous numerical and experimental advancements reported
in recent literature [11-17].

Preserving temperature stratification in liquid fluids is
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crucial for the efficiency and proper operation of thermal
collectors. Stratification mechanisms are influenced by
operational flow rates, heat loss to the environment, mixing
instigated by inlet and outlet fluids, tank designs, and
discharging and charging passages [18]. Tesfay and
Venkatesan [19] investigated various liquid medium thermal
energy storage systems, and a mixed-media single-tank
thermocline thermal energy storage was selected and built
based on the Schumann equation. This equation was
numerically solved to calculate energy storage at different
locations and times within the storage tank. Shaikh et al. [20]
examined the effect of several factors on thermocline
thickness in solar home hot water systems, where hot water
tanks are used to store hot water for future use. A porous
medium flow distributor in the tank aids in reducing
thermocline thickness. Vertical mantled hot water storage
tanks are most common due to their ease of manufacture and
superior thermal stratification.

Latent heat thermal energy storage is a promising method
that enhances energy storage density [21]. The heat of fusion
is stored isothermally at a temperature analogous to the phase-
change temperature of the material.

Njoku et al. [22] conducted a review of numerical methods
for modeling stratified thermal energy storage systems,
assessing their strengths and weaknesses based on entropy and
energy analyses. In a related study, Mao [23] evaluated the
geometrical configuration of a thermal energy storage tank,
providing valuable experimental and numerical references for
the development, operation, and energy consumption
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reduction of thermal energy storage systems, particularly in
the context of solar plants.

The utility of Computational Fluid Dynamics (CFD)
modeling was demonstrated by studies [24, 25] in their
numerical investigation of three distinct shapes of thermal
storage tanks: cylindrical tanks, circular truncated cone tanks,
and spherical tanks. Of the three, the spherical tank resulted in
the most symmetrical temperature stratification, while the
truncated circular cone tank achieved superior temperature
stratification and thermal charge efficiency.

Gao et al. [26] conducted experiments to examine the
thermal stratification characteristics of a charging hot water
storage tank equipped with a baffle plate. They identified
baffle aperture and inlet velocity as significant interaction
elements influencing the three indices. The response surface
methodology was employed to optimize these structural
parameters.

The sloshing phenomenon in rectangular and trapezoidal
partially filled tanks was studied by studies [27, 28], utilizing
the finite element method. Thirunavukkarasu and Rajagopal
[29] performed a numerical analysis of the sloshing
phenomena in a 3D square tank, focusing on resonant
frequency and magnitude of stimulation. They measured and
studied the liquid pressure within the container at regular
intervals during stimulation. Baffles (both horizontal and
vertical) and perforated obstacles emerged as preferred
methods of controlling slosh force.

Sanapala et al. [30] utilized a baffle to examine the
dynamics of sloshing under induced vertical harmonic
excitations. After an extensive study of transient wave patterns,
forces, and pressure time histories, they established the
optimal baffle design. The optimal position and width of the
baffle were systematically determined with reference to the
quiescent free surface.

Boetcher et al. [31] investigated models of a water tank
utilizing a heat exchanger within the tank, with the shroud and
baffle being considered adiabatic and having parametrically
changeable forms. This approach resulted in an increase in the
temporal Nusselt number by up to twentyfold.

Finally, the potential of nanofluids as thermal storage
mediums was highlighted, as they possess high thermal
conductivity and heat capacity, enabling them to absorb and
release heat more efficiently than traditional fluids [32, 33].

Goudarzi et al. [34] developed a methodology to determine
the damping ratio of water sloshing for wall-bounded baffles,
noting that the size and position of baffles significantly
impacted hydrodynamic damping. The reliability of this
theoretical approach was investigated, along with alternative
baffle designs. The quantity of energy stored in the thermal
tank and the duration of its storage were explored by studies
[35, 36], who employed numerical modeling to conduct
thermal and flow analyses with varying set temperature values.
During the charging process, copper encapsulations displayed
the highest temperature distribution from heat transfer fluid to
phase change materials.

Gedikli et al. [37] scrutinized the effects of a stiff baffle on
the seismic response of water in a cylindrical tank. A baffle, a
structural element that passively mitigates the impacts of
seismic movement, was found to be effective in controlling the
flow, which was characterized as irrotational, incompressible,
and viscous. The natural motions of liquid in a cylindrical tank
were investigated using the boundary element approach.

Gualtieri [38] examined the thermal performance of indirect
water storage tanks, employing a multiphasic approach to
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conduct two-dimensional steady-state and transient numerical
simulations. One potential application of nanofluid-based
thermal storage, involving both single and multiphase systems,
is in solar thermal energy systems. These systems concentrate
sunlight onto a fluid-filled receiver using mirrors or lenses; the
heat energy thus absorbed is used to generate electricity or
provide hot water. The use of nanofluid as the heat transfer
fluid allows the system to operate at a higher efficiency and
store excess heat energy for use when sunlight is unavailable
[39-41].

A circular baffle configuration with a single intake and
output yielded the highest Morrill Index score. Hashim and
Abdulrasool [42] numerically investigated the impact of
different types of curved baffles within a vertical hot storage
tank, finding that type C baffles significantly increased
thermal stratification at high flow rates due to their downward
curvature shape, and thus provided the best thermal
stratification.

Gao and Stenstrom [43] conducted an in-depth investigation
of the effects of varying baffle dimensions on turbulence
properties using decoupled/coupled SKE models. Stress tests
were conducted where the dimensions partially mitigated the
impact of buoyancy on turbulence, with the buoyancy-
decoupled turbulence model providing qualitative yet similar
predictions.

Alesbe et al. [44] reported on the thermal stratification of
full-scale chilled water storage tanks during discharge mode
under optimal conditions. The investigation involved a full-
scale experimental and numerical analysis of a stratified
thermal storage tank, with optimal operation conditions
determined through numerous experiments. These conditions
were characterized by high thermal stratification and minimal
thermal mixing within the tank. The results included
temperature stratification and flow parameters during
operation, as well as thermal performance parameters such as
discharge efficiency, Richardson number, stratification
efficiency, thermocline thickness, average tank temperature,
and discharge temperature.

The study's most significant outcome was the optimal
stratification phenomena in the tank with limited thermal
mixing. Experimental results for these phenomena were
validated by numerical modeling and simulation settings,
which also helped define the optimal conditions for thermal
stratification, considering tank size, diffuser type, and flow
rate.

The current work aims to analyze and improve the thermal
stratification in a water thermal energy storage tank. This
involves using three models of transferred baffle, each adding
one, two, or three baffles, and analyzing the effect of these
additions on various thermal and flow parameters. The
simulation's objective is to understand the fluid behavior and
temperature distribution within the tank.

2. PHYSICAL CASE STUDY

Present case study used cold water storage tank as shown in
Figure 1.

The cylindrical tank has a 400 mm diameter and a 1000 mm
height where it has equal-diameter 17.39 mm at inlet and outlet
ports, while the baffles dimensions was 200 mm*2 mm length
and thickness respectively. The tank was in a vertical position,
the initial temperature of water in a tank is 4.4°C, and water
enters from upper left side of the tank with temperature of



13.3°C. Constant inlet velocity and temperature are assumed equations in this study are expressed as follows in 2D

during simulation. This study included four cases according to Cartesian coordinates.
number of baffles in the tank as shown in Figure 2. Case 1 The continuity equation:
presents the study without baffles, case two with one baffle,
case three with two baffles and case four with three baffles Pivz 2 (pu)=0 (1)
where the distance between each baffle equal to 0.25 m from ot Tox
the tank height. )
The momentum equation:
a(puy) a oP ot
T S )y A o, (pwu;) = - o T Yioa gl; tefi ()
e - The energy equation:
a O a
— 4l pCpa—fzdw(/lgrad T)+Tﬁa—}:+q+<1> 3)
lﬂ-lli-;ql-ll;(lﬂ ‘\\\‘ r— Where,
\‘\\_A Baffle _ 2 . oN\2 6ui
c D= —E,u(dw u)* + 2/151-1-5
I y j
1 = 1w 0y
Outlet | S” T2 oxj + 6xi)
T — Outlet The assumptions for numerical solution are:
e Transient condition, two-dimensional incompressible
flow with heat transfer inside the tank.
Figure 1. Dimensions of the present case study (mm) e Turbulent flow.

o Constant water properties.
Case 1 Case 2 Case 3 Case 4 e In water density modeling, boussinesq
approximations are used, which means that, with the
— —_ — exception of linear density fluctuations in the
buoyancy factor, water density is treated as a constant
value in all solved equations.

p = po[l—B(T —T,)] “4)

e  For the examination of the transient behavior of
Figure 2. Case studies configuration thermal stratification, the standard k—e turbulence
model is employed, which includes full buoyancy
effects and default turbulent constants.
3. NUMERICAL SIMULATION
3.2 Boundary conditions
3.1 Governing equations
Boundary conditions for inlet, outlet, baffles, tank walls and
The governing equations of the current case study are the turbulence parameters are presented in Figure 3. Moreover, to
continuity, momentum and the energy equations. The initial condition and working fluid.

Working fluid Water
Initial water temperature 4.44°C
Water in the tank at rest

Inlet intensity 3% ¢ Inlet temperature 13.3°C
Turbulent flow k — £ model | | Inlet design velocity 0.01 m/s
x> - 1 P4
~ o s

-~
Boundary
conditions

~
Baffles A Quter tank surfaces

No slip wall, Smooth wall insulated
adiabatic OQutlet intensity 3%

Outer pressure Zero

Figure 3. Boundary conditions details of physical models
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3.3 Mesh generation and grid independency

Structured grids were utilized to build the physical model's
grids. The grids were uniform. Number of nodes was 393620
while the number of elements was 392043. Where the mesh
consists of 52,100 nodes and 48,819 hexahedron elements, as
shown in Figure 4.

The grid independency test was carried out in order to
discover a suitable result. structured grid is used in the
computational domain and the solution is applied for the tank
model with different grid size. In this study time step was 0.05
s and the average outlet temperature, Str no. were compared
for different cases as shown Table 1. Where for both cell size
0.5 mm and 2 mm, differ from the cell size 1 mm
insignificantly, and their maximum difference is 3.18%.
Therefore, the solution with the cell size 1 mm was selected in
this study.

Baffle region

Inlet region

Outlet region

Figure 4. Structured grid for the tank domain

Table 1. Effect of different cell size on results parameters
during Case 1

Element Size (mm) 0.5 1 2
Element No. 784,086 392043 196021
Discharge Time (min) 37.01 37.11 38.06
Str No. 0.066 0.062 0.068
Average Outlet
Temperature °C 4.30 4.40 4.26
Error % 2.27 0 3.18
3.4 Validation test

17 Symbol --- Fernandez[ ]
Line  ---Present results
t=30 min
L]

t=24 min

t=18 min

t=12 min

Height (m)
1

290 310 330
280 300 320 340

Temperature (K)

Figure 5. History of vertical temperature distribution in the
tank with the results of the study [10]

It is frequently necessary to demonstrate the validity of the
results from numerical simulations. As a result, validation
experiments and simulations must include accounting for
numerical and modeling errors. Present numerical simulations
are carried out, and the results are compared between the
experimental data by Abdelhak et al. [10] and current
numerical results as shown in Figure 5. The results are
statistically significant with a very high r-square value (above
0.95) [10].

4. RESULTS AND DISCUSSION
4.1 Baffles effect

Several factors have an impact on the temperature
stratification inside the storage tank. As a result, the flowing
section shows how baffles number and position effect on the
temperature distribution, flow behavior inside the tank and the
mixing shape during transient simulations. Four cases
considered (Case 1 no baffle, Case 2 with one baffle added,
Case 3 with two baffles added and Case 4 with four baffles
added) the study considered the effect of baffle number for the
time period of (100, 720, 1620, 2173) seconds and the results
is shown in Figure 6 which shows the evolution of baffles
number effect on temperature contours, streamlines, and
velocity vector in the tank during transient operation for
different baffles location in the tank.

During simulations the transient flow behavior, in particular
the establishment of the thermocline and the related
entrainment mechanisms were presented. When charging, a
vortex is created close to the inlet port when the entering cold
jet collides with the bottom layers. The cold water with heavy
density falls down dragging simultaneously the upper-layer
water into the bottom. The dragged-down filament rises and
diffuses among the fluid layers as a result of the buoyancy
effect, adding to the convection action. These imbalanced
gravitational forces and inhomogeneous penetration help to
improve mixing, which can affect the majority of the tank's
volume. The thermocline region tends to move from the
bottom of the tank to the top as time goes on, and the mixing
zone gradually widens according to isotherms results. At
t=100 s, the uniform zone occupies more than half of the tank
while the stratified region at the top becomes significantly
thinner, creating a well-mixed tank. This phenomenon is
plainly visible for all flat plate position configurations.
Considering the temperature contours, it is noted that the
penetration of temperature gradient is nearly not affected by
adding one and two baffles as we go from Case 1 to Case 3.
While in Case 4, we note that although the penetration of
temperature gradient with time remained of the same manner
going from the top of the tank to the bottom, yet a wider cold
— hot interaction region witnessed adding an effect on the
temperature distribution up in the hot region and down in the
cold region.

This occurred on time interval (100, 720, and 1620) seconds
only while the temperature contours remained of the same
pattern for Case 4 comparing with other cases in time interval
till 2173 second. Also, the results showed that adding one
baffle in Case 1 changed the formation of vortices inside the
tank from one large vortex in (2173.4 seconds) examination
into a formation of two small vortices near the inlet and the
outlet zones. During the examined periods, a falling down of
the vortex witnessed from region bellow the baffle down going
to tank bottom as time passed.



Adding one more baffle each case up to Case 3 (of two
baffles) eliminated the existence of the bottom vortex keeping
the flow pattern nearly the same considering the time period
(2173.4 seconds) this happened with temporary formation of
vortex below the second baffle (from the top of the tank) yet it
vanished as time passed. Also, in Case 4 also resulted in
elimination of bottom vortex in the period (2173.4 seconds)
but one more vortex occurred between the second and third
baffle (counting from the top) in this time interval with wider
top vortex formation. Observing the stream line formation
during the studied periods for Case 3, we noticed more than

Temperature Contour

Th=13.3°C Streamlines \6;25(;?
Tc=4.4°C
Time =100[s]

Time =100[s]

Time=100[s]

Time=720[s] T\me 720[5] Time=720[s]

Time = 1620 [s ] Time = 1620 [s ]

Time =1620[s]

Time = 21734 [s]
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four vortices formation which eventually reduced into two
final vortices.

For the velocity vectors visualization, a less velocity values
are shown by adding the first baffle in Case 2, the values of
velocity vectors increased by adding the second baffle in Case
3 while it showed a rise in high velocity vector values of
entrance up word, this is converted in the time periods of Case
4 while it returned to the same high entrance velocity rising up
in the interval (2173.4 seconds) of Case 4 with more
penetration of high velocity vectors down to the middle of the
tank.

Temperature
Contour Streamlines Velocity
Tr=13.3°C Vector
Tc=4.4°C

Time=100[s ] Tlme—‘WOO[s] Tlme—100[s ]




Time =100[s] Tlme-100[s] Tlme-100[5] Time =100[s] Time =100 [s] Time = 100[5]

Gl
&%ﬁ_@@ ;

TIME =720 [ s ]

Time=720[s] Time=720[s] Time=720[s] TIME=720[s ] TIME=720[s]

Tlme-1620[s]T|me—1620[5]T|me‘1620[s] TIME = 15205 = TIME =1620(s1

=

Time = 217315 ]

Figure 6. The effect of baffles number on temperature contours, streamlines, and velocity vector in the tank

4.2 Temperature behavior Case 2
Case 1 — Time=100[s] — Time=1620[s]
ase L e Tira o
— Time=100[s] — Time=1620[s] 4 — Time =720s] Time =2173[s]
—— Time=720[s] Time =2173[s] -
14 — 12 —]
7] 10 —
10 —

Temperature ( C)
o
|,

Temperature ( C)
[-]

- 6
6 — 4
4 4
0 0 04 0.8 1.2
y/H
(b)
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Case 3
— Time=100[s] — Time=1620[s]
— Time=720[s] Time=2173[s]
“H— - -
O 12
p .
5 10 —
= _
g 8 —
g. -
6 —
[
4
0
y/H
(c)
Case 4
— Time=100[s] — Time=1620(s]
— Time=720[s] Time =2173[s]
14 —
O 12 —
o 4
5 10 —
"a —
g 8 —
g. i
6 —
g
4 | | T | T
0 0.4 0.8 1.2
yH
(d)
Figure 7. History of vertical temperature distribution in the
tank

The history of temperature distribution over tank height for
all cases are presented in Figure 7. The results applied in the
centerline of the tank along vertical axes. In all cases the
temperature distribution is uniform but there is a small
difference in the distributions when the baffles exist as shown
in case four. Where the baffles lead to the flow mixing inside
the tank becomes small. As a result, the discharge mode with
cold water become longer than the case without baffles. The
results present the influence of injecting cold water at 4.44°C
on the temperature behavior between time range from 0 s to
2173 s. The effect of different vertical positions on the
dimensionless axis’s.

4.3 Stratification number

A vertical storage tank's stratification can be described by a
dimensional number called the stratification number [45, 46].
This crucial measure could assess the thermal behavior of the
storage tank during the process of discharging. Consequently,
to learn more specifically about how thermal stratification
developed in both configurations under study, the stratification
number calculated as the ratio of the greatest mean
temperature gradient for the charging and discharging modes
to the mean of the transient temperature gradients was used as
expressed by Eq. (5):

_ _(@T1/dy)¢
Str(t) - (0T /9Y)max (5)
where,
AT 7aN _ 1 j-1(Tj+1-T;j
@T709). = = [ziz () (©)

Tmax—Tin
U-Ddy (7

(OT/0Y)max =~ 2554,

The tank's discharge takes 2173 seconds due to the flow that
is applied during racking, Due to this, the evolution of the
stratification number was evaluated throughout this time. In
order to forecast how the position of the baffles will affect the
degree of stratification inside the storage tank, the
stratification number Str is determined during this study at the
vertical centerline of the tank.

Figure 8 presents the evolution of the Str over a period of
2173 s for all cases. For the discharging operation, it is in our
best interest to maintain a maximum lamination number in
order to guarantee the ideal thermocline thickness. This
indication is affected by the variance in local temperature
along the vertical tank's axis and the minimum temperature of
the water that will be charged. In comparison to the other
configurations, the results show that increasing the number of
baffles leads to higher thermocline performance, as
demonstrated in Figure 4.

0.08 — ‘ |
0.06
o
Z .04
=
w
0.02
| |
o T T 1T T 17 ' T
0 500 1000 1500 2000 2500
Time[s]
(@)
0.08 —
i | | |
0.06 —] | | : |
S | | | | |
Z 904 ] | | | |
£ _ | | | |
0.02 — | | | |
- | | | Case2 |
| | | |
0 LI N B I B T
0 500 1000 1500 2000 2500
Time[s]
(b)
0.08 —
0.06 —
S i
Z 004 —
F-
x
E i
0.02 —
— Case 3
[1] T |
0 500 1000 1500 2000 2500
Time [s]
(©)
008 — — — — — — — — — — — — — —

|
|
|
L B L L B

— Case 4
0 500 1000 1500 2000 2500
Time[s]
(d)

Figure 8. History of Stratification number in the tank for all
cases



4.4 Richardson number

The stratification in hot water storage tanks is commonly
described using the Richardson number, an important quantity
that affects fluid flow [39, 40]. The Richardson number, which
is represented as, measures the proportion of buoyancy forces
to mixing forces.

__ Buoyamcy Force _ g.-H.(Thot—Tcold)

Ri = a (18)

Inertial Force Uin

As can be observed, Ri > 1 might experience a positive
thermal stratification. Figure 9 illustrates the Richardson
number's development for four cases as discharging
progressed. As observed, the Richardson number is
fluctuations during discharge period time. This can be
explained by the fact that mixing forces have an impact on the
tank's flow pattern. Due to the presence of two recirculation
zones in baffle cases, mixing forces are more apparent.

Ri. No.
- L]
>

|

|

I
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|

[
[
0 | |
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Time[s]
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[ [ \ [
n [ [ | [
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& [ [ \
T [ [ [ [
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0 | | | |
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=]
15
=3
=]

=]
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Time[s]

(d)

Figure 9. History of Richardson number in the tank for
different cases

5. CONCLUSION

The simulation results reveal the behavior of the fluid and
temperature distribution within the tank. The incorporation of
one or two baffles had a marginal impact on the temperature
distribution contours. However, the addition of a third baffle
significantly influenced the temperature distribution contours,
as the hot-cold interface expanded with more significant
penetration effects in both the cold and hot regions. Generally,
the impact of adding three baffles on temperature distribution
contours dissipated at the discharging time (2173.4 seconds).

Regarding the influence of baffle addition on the
streamlines within the tank, a more defined streamline was
established in the time interval (2173.4 seconds). The final
streamline formation achieved by adding two baffles yielded
better results compared to the addition of three baffles.
Nevertheless, incorporating a third baffle enhanced the final
streamline formation compared to the no-baffle scenario
(casel). This occurred alongside changes in flow
characteristics within the tank, with alterations in vortex
formation observed as the creation of a single large vortex was
eliminated when the tank discharge time was reached. The
addition of a single baffle reduced the calculated values of the
velocity vectors, while the incorporation of a second baffle
moderately increased them. The inclusion of a third baffle
further amplified the velocity vectors, with a higher velocity
gradient penetrating down to the mid-section of the tank.

The increment in the number of baffles led to improvements
in the thermocline, as observed in the studied cases. More
mixing forces were also evident due to the presence of two
recirculating zones.
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NOMENCLATURE

CFD Computational Fluid Dynamics [-]
Cy Specific heat [kJ/kg-K]

fi Body force [N/kg]

g Gravitational acceleration [m/s?]
H Tank hight [m]

h Diffuser hight [m]

Str Stratification number

P Static pressure [Pa]

q Source term [J/(s-m?)]

Ri Richardson number [-]

r Radius of pipe inlet [m]

T Temperature [°C]

ST Thermal storage tank [-]

t Time [s]

u Water velocity [m/s]

X Cartesian coordinates [m]

Greek symbols

p Density, [kg/m?]

B Coefficient of thermal expansion (K™)
A Thermal diffusivity [m?/s]
u Dynamic viscosity [Pa.s]
Ty Viscous stress [N/m?]

At Time step [s]

Ax Cell size [m]

Subscripts

ini, o Initial condition

in, out Inlet and outlet conditions
st Stratification condition
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