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Abstract
Solar water heating systems with thermal storage are one of the simplest ways of reducing

energy demand for domestic water heating. Over the years, researchers have attempted to
improve the thermal performance of storage tanks using various means, including baffle-type
devices to control mixing during charging and discharging of the tank. However, one
modification that has been overlooked is the use of passive baffles that suppress the natural

convection inside the tank with a view to reducing their standing heat loss.

Considering this, this study examined the use of concentric vertically mounted baffles on the
natural convection inside a vertical cylindrical storage tank. To this end, a numerical model of
a tank with a baffle was developed using computational fluid dynamics (CFD) and validated
using experimental data. The results showed that a simple concentrically mounted baffle could

reduce the natural convection heat transfer coefficient by up to 40%.

Nomenclature

Aot Total surface area (m?) r Radial position (m)
A Tank surface area (m?) T Average temperature (°C)
AR Aspect ratio (H/D) V  Tank volume (m?)

cp Specific heat capacity (J/kgK) v, Radial component velocity (m/s)
D Diameter (m) v,  Axial component velocity (m/s)
g Gravitational acceleration (m/s?) Vg Az.imuth.c.ornponent velocity (m/s)
h Heat transfer coefficient (W/m?K) z Axial position (m)
h Average heat transfer coefficient )
(W/m2K) fubscrlp\%/ts
H Height (m) E at.er 1
k Thermal conductivity (W /mK) W ntire wa

. b Baftle
L Characteristic length (m)
= t Top wall
Nu Average Nusselt number .

s Side wall

Pr Prandtl number btm  Bottom wall
Qgen  Volumetric heat generation (W/ m?)
q" Heat flux (W/m?) Greek symbols
Qiotar  Total rate of heat loss (W)
R Radius (m) a Thermal diffusivity (m?/s)
Ra Rayleigh number B Volume expansion coefficient
Rag 4.n Rayleigh number (Heat generation) p Density (kg/m?)
T Temperature (°C) U Kinematic viscosity (m?/s)
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1. Introduction
One of the most critical challenges that humanity faces is to meet the growing energy demand.

Given that fossil fuel reserves are limited, it is relevant to switch to renewable energy resources
in order to have a sustainable society. Solar energy is recognized as one of the most promising
sources because it delivers about 3.78 million EJ to the surface of the earth, which translates to
6,500 times the global energy consumption in the year 2018 [1]. The conversion of solar energy
into thermal energy is highly efficient and is widely used [2], particularly for domestic water
heating. However, thermal storage system is essential to preserve the collected thermal energy
due to the intermittent nature of solar energy. To this end, various low temperature (<150°C)
thermal energy storage (TES) systems have been examined by numerous researchers. Such
systems have included sensible heat storage (SHS) [3-5], phase-change material (PCM) storage
[6-8], and thermo-chemical material (TCM) storage [9-11]. Despite the superior performance
promised by PCM and TCM storage systems, these technologies often require considerable

amounts of energy for operation and pose challenges in their maintenance.

As a result, SHS tank with water is the most widely used TES for domestic water heating due
to its low cost and high availability [5, 12]. Given that solar water heating system are easy to
operate and only require simple maintenance, the total number of solar water heating systems
reached approximately 105 million in 2018 [13]. This increase in the number of solar water
heaters had helped to satisfy the demand of domestic hot water requirement, which accounted
for 90% of global thermal energy usage [13]. Depending on how water from the tank circulates
through the collector to get heated, solar domestic hot water (SDHW) systems can be classified
into active and passive systems. Although the concept of passive solar water heating systems
is simple and requires little maintenance, [14] showed that active solar water heating systems
have higher efficiencies, their values being 35-80% over that of the passive systems in the

range of 30-50%.

Unlike passive systems, water is pumped between the collector and storage tank in active solar
water heating systems. In active systems, water in the storage tank can be heated by pumping
it to the collector (direct circulation) or by circulating a heat transfer fluid between the collector
and storage tank through the heat exchanger pipe (indirect circulation). Despite the recent
developments in active indirect circulation systems, such as mantle heat exchanger
encapsulating the storage tank [15], internal heat exchanger coil [16], solar combisystems with
a secondary heating source [17], active direct circulation systems still remain attractive due to

their simplicity, low cost and ease of maintenance.



To briefly outline, active direct circulation systems operate by circulating the water between
the solar collector and storage tank to collect heat during charging (solar heating loop) while
stored hot water is transferred to the load, and an equal amount of cold water is supplied usually
to the bottom of the tank during discharging (load loop). This direct circulation of water leads
to thermal stratification inside the storage tank where a portion of hot water with a lower density
resides at the top while the cold water with higher density remains at the bottom of the tank
due to buoyancy. The presence of thermal stratification inside the tank has been shown to
exhibit a better overall system performance than a mixed tank during charging operation of a
solar water heating system [18-21]. This is because the cold water drawn from the bottom of a
stratified tank and sent to a solar collector is at a lower temperature than that of a mixed tank,

which allows it to collect more thermal energy from the collector [22-26].

Over the years, extensive research has been conducted in a view of improving the degree of
thermal stratification in the storage tank by varying geometrical factors such as tank aspect
ratios [27, 28], tank orientation [19, 21], different types of inlet stratifiers [29-36] and baffle
plates [37, 38], and operational factors such as mass flow rate and inlet temperature variation
[39, 40]. More comprehensive reviews describing the effect of different parameters on thermal

stratification can be found in [41-43].

Another important factor that adversely affects the performance of stratified tanks is heat loss
to the ambient air, which is more pronounced during off-sunshine hours due to the lower
ambient temperatures [44]. During this period, the initial temperature distribution inside a
storage tank can be either in non-stratified or stratified depending on whether the tank is fully
or partially charged. When the tank is fully charged, it is initially filled with hot water at a
constant temperature whereas in the case of partially charged tank it is initially stratified with
different levels of hot and cold water. The extent to which heat loss affects the performance

varies depending on the initial temperature profile.

Knowing this, researchers have attempted to examine the effect of geometrical parameters on
heat loss for both initially stratified and non-stratified tanks. Yang et al. [20] numerically
investigated initially non-stratified tanks with various shapes and concluded that tanks with

low surface area to volume ratio results in reduced rate of heat loss.

Miller [45] was one of the earliest studies, and investigated the effect of tank wall material

(thermal conductivity) on the heat loss from an initially stratified tank. The author reported that



the rate of heat loss from a highly conductive aluminum tank was significantly higher than that
from less conductive glass tank. Similarly, Armstrong et al. [46] highlighted the importance of
wall thermal conductivity on performance of storage tanks. In addition, the results of the study
suggested that reducing the wall thickness of a tank notably decreases the amount of
serviceable hot water volume, owing to the lower conduction resistance offered by the wall.
Given that tank wall material has significant influence on thermal stratification, it has been

highlighted by other studies [47, 48].

Now, contemplating on the process of heat loss from stored water to the tank wall, it is evident
that the principal heat transport mechanism is through natural convection inside the tank. To
understand the natural convection flow inside a tank subjected to heat loss, Fan and Furbo [49]
numerically studied the transient cooling of cylindrical tanks that were initially stratified. The
results showed that there is a strong buoyancy driven downward flow along the side walls of

the tank, and this is responsible for natural convection heat loss to the ambient.

Attempting to curtail heat loss from the tank, Shyu and Hsieh [50] numerically investigated the
effect of placing insulation over the exterior and the interior of the initially stratified tank on
heat loss. They concluded that when insulation is placed over the interior of the tank, heat loss
to the ambient is reduced to a certain extent since the heat conducting tank wall is protected by

the insulation, which suppresses the natural convection heat transfer inside the tank.

With reference to the literature, it is apparent that numerous researchers have shown great
interest in reducing heat loss from storage tanks by varying their geometry. Alternatively, there
appears to be the potential to reduce heat loss by attempting to suppress the natural convection
flow inside the tank, which Fan and Furbo [49] highlighted as being a driver of heat loss.
Although the use of baffle plates to improve the performance of solar storage tanks during
charging by altering the incoming flow from the collector has been explored in the literature,
the potential benefit of baffles in reducing heat loss in the absence of the external flow has not
been investigated. Given that standing heat loss (in the absence of external flow) during off-
sunshine hours can be extremely detrimental to thermal performance of storage tanks, the
ability to control or reduce natural convection heat transfer inside a tank with passive baffles
in relation to its geometrical factors could increase the overall thermal resistance to heat loss.
Subsequently, this could lead to potential reductions in the amount of insulation needed or even

negate the need for insulation in an ideal situation without incurring significant additional costs.



Hence, the purpose of this study is to fill the gap in the literature by investigating, in detail, the

influence of baffles on the natural convection inside a vertical cylindrical storage tank.

2. Method

2.1 Geometry design
As seen in Fig. 1 (a), the tank considered in this study was developed as a three-dimensional

CFD model using ANSYS FLUENT 19.2 and was equipped with a thin, cylindrical baffle
jacket mounted parallel to the cylindrical side wall. This baffle configuration was chosen, as it
was thought that it would ‘trap’ a layer of relatively stagnant fluid between the baffle and the
tank wall. In turn this would direct any downward flow away from the side wall, thus reducing
any heat loss directly to the outer wall. In essence, it was hoped that the tank would become

somewhat ‘self-insulating’.

Given that this study is a first attempt to explore the effect of baffle on natural convection in a
storage tank, it is important to fully understand the influence its geometrical parameters on heat
transfer independently, before incorporating the impact of its thermal conductivity. As such,

the considered baffle is assumed to be adiabatic.
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Fig. 1. (a) Baffle configuration and (b) Boundary conditions considered in the study



To examine how the proportions of such a baffling system would influence both heat transfer
and flow within the tank, three radial baffle placements were considered, 6.5%, 13% and 26%
of the tank radius (R-1p). In addition, three baffle lengths were modelled, 25%, 50% and 75%
of the tank height. Furthermore, two tank volumes and aspect ratios were examined, following
a typical range of solar domestic hot water tank configurations as reported by [51], as shown

in Table 1.

Table 1. CFD tank geometry configurations

Tank volume (V) | Aspect ratio (AR)
169 L 1
2.3
2.8
402 L 1
23
2.8

2.2 Boundary conditions
The effect of a baffle on the natural convection or in general, the natural convection in a storage

tank can be studied using transient analysis with the inclusion of either thick tank walls or
insulation to resemble a practical situation [20, 47, 50, 51]. However, the results obtained from
this type of analysis are not generalizable enough to be fully applicable to different practical
situations. This is because they are linked to both the elapsed cooling time from the initial state

of the tank (i.e. stratified or unstratified) and the insulation thermal resistance.

Having said that, it was decided to investigate the effect of a baffle on natural convection in a
storage tank using pseudo steady state analysis. This prevents the natural convection heat
transfer from being linked to the cooling time that has elapsed from the initial state of the tank,
and to the tank’s thermal resistance. To achieve this, an energy source term was included to
model the uniform volumetric generation of heat, q4e,, which is active in the entirety of the
tank including the space between the baffle and the tank wall. The rate of volumetric heat
generation was not constant and varied for different tank geometries examined in this study to
ensure that the average hot water temperature (Ty) was held at a constant temperature of 60°C
while the outer walls were specified to be isothermal at a lower temperature (T,,) of 59°C, as
shown in Figure 1(b). In other words, the rate of heat generation was tied to the rate of heat

loss from the tank as a result of heat transfer through a finite temperature difference.



Although the inclusion of volumetric heat source is arguably different from the real system,
which have external insulation and subject to convection heat loss to the ambient, this boundary
condition approximates the case of a tank at rest at any given time inside which the fluid is
weakly stratified, while subjected to standing heat loss. This represents a situation in which the
tank has lost a certain amount heat from its fully charged state and the method has been used
by several previous studies to inform our understanding of natural convection inside cylindrical

enclosures [52-54].

Moreover, taking an average hot water temperature of 60°C (since it falls within the operating
conditions of solar water storage tanks) while the wall temperature is 59°C resembles the fact
that the tank wall temperature is always close to the water temperature, irrespective of the
presence of insulation. As such the boundary conditions resemble those for heating at constant
heat flux on the walls [55-57] and isothermal walls [58-60] for vertical storage tanks and allow
us to examine the relationship between the baffle’s geometric parameters and natural

convection independent of simulation time and insulation-related parameters.

2.3 Flow regime
Before the CFD model could be solved, it was necessary to determine the flow regime of

natural convection that takes place in the cavity. In this respect, the Rayleigh number for a
storage tank with internal heat generation source, Ra; ¢, can be defined as in Equation (2)

[61].

gﬁf<q9ﬂ1 ;?fpf“f>H3
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Rai,gen =

(2)

Referring to [51] and [62], convection heat transfer losses from the water to the wall are in the
magnitude of 10%(W /m?2K). Taking this into consideration, the rate of volumetric heat
generation required to keep the average temperature of water at 60°C for the considered cases
would result in Rayleigh numbers, Ra; 4e, between 10'® and 10'*. Given these findings, it
was necessary to consider turbulence modelling within the tank [63]. As such, two-equation
low-Re turbulent LB model was chosen because low-Re turbulent models were proven to be
suitable for provide reasonable estimates for resolving turbulent behavior of flow inside

volumetrically heated liquid pools [61].

2.4 Governing equations
The steady state three-dimensional CFD model can be solved using the continuity, momentum,

energy and low-Re k-epsilon LB model as shown in Equations (3) — (8).



Continuity equation:
V.(pv) =0 3)

where ¥ is the velocity vector.

Momentum equation:

V.(pov) = —Vp+ V.t + pg 4)
where pg is the gravitational body force, p is the static pressure and 7 is the viscous stress.
Energy equation:

V.(pPE) = V.(kVT) + S, (5)

where E denotes the sensible enthalpy and Sj, denotes the volumetric heat source, which was

included as uniform volumetric generation of heat, g4, in this study.

Turbulence equations:

V. (pkv) = V. [(u + Z—;) Vk] + P, — pe (6)
V.(oeD) = V. (u+ L) Ve + AR - Cofep T 4D (D)
He = pCufu k?z (8)

where Cy, C; and C,, are constants, i, is the turbulent viscosity, P, and D, denote the generation
and dissipation of turbulent kinetic energy due to mean velocity gradients, g, and o, are the
turbulent Prandtl numbers for k and &, respectively. A detailed calculation of parameters f, f,

and f, involved in low Re k-epsilon LB model can be found in [62].

2.5 Solving procedure
To accelerate the convergence of the calculation, the pressure-velocity coupling was handled

using a coupled algorithm, since it offers a robust solution for steady state flows. Interpolation
of pressure was resolved using a body-force weighted algorithm, and the convective terms were
interpolated using a second-order upwind scheme [64]. Given the small temperature changes

of water inside the tank, the Boussinesq approximation was applied for the treatment of density



variation in the momentum equation. In solving the governing equations, the solution was

considered to be fully converged when the residuals of all equations fell below 10~%.

2.6 Grid independence analysis
To reduce the computational effort, without compromising the accuracy of CFD results, it was

necessary to carry out a mesh sensitivity analysis. For the analysis, the natural convection heat
transfer coefficient on the side wall of the tank was used to assess the suitability of different
mesh sizes. Given the variation of geometry in the current study, it was decided to perform
mesh sensitivity analysis for two tanks, 169L with an aspect ratio of 1 and a 402L with aspect
ratio of 2.8, both having a fixed baffle placed at 13% of tank radius (R — r3,) with the length
of the baffle being 25% of the tank height. Fig. 2 shows the change in the natural convection
heat transfer coefficient on the tank side wall for different tank geometries and element sizes.
From the results, it is apparent that reducing the element size smaller than 7.5 mm did not result
in notable changes in heat transfer coefficient. As such, an element size of 7.5 mm was chosen

for this study.

1309
—B— V=169L (AR=1) 1
A V=402L, (AR=2.8) 1306
" a——aA
303 ~
/ ] >
i £
1300 2,
i =
1297
I/H {294
T | T L L [ L 1 L L :
0.03 0.0225 0.015 0.0075 0

Element size (i)
Fig. 2. Changes in natural convection heat transfer coefficient with element size for two tank

geometries with same baffle configuration (R — 1, = 0.013R and [, = 0.25H)

2.7 Calculation of local and average Nusselt numbers
The representation of how baffles can reduce natural convection was achieved by the average

Nusselt number of the entire tank (top, side and bottom walls) and the local Nusselt number of
each tank wall. The values of both local and average Nusselt numbers were extracted from
FLUENT. To demonstrate how FLUENT calculates the local Nusselt number on each wall, its

calculation on the tank side wall is shown in Equations (9) — (12).
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Side Wall:

Ty =l Jy 2mrTdzdr, T, =3 [ Typdz ©)
¢ =~k fOH%V:R dz (10)
hs = G (11)
Nug =5 (12)

where, ’I_‘f is the average temperature of the fluid, Ty, is the average temperature of the side

wall, g is the average heat flux on the side wall, hy is the local heat transfer coefficient on the

side wall, k is the thermal conductivity of water, Nu is the local Nusselt number on the sidewall.

The calculation of the average Nusselt number on the entire tank wall is indicated in Equation

(13)-(17).
rI_-vW — AtTt+AsTs+Abtmetm (13)
Atotal
= 1 R = 1 R
Tt = mfo T|Z=H 2nr d?", Tbtm = mfo T|Z=0 dr (14)
Qtotar = Atqt + Asqs + ApQpim. Atotat = A¢ + As + Aptm (15)
A Qtotal
h=—"="~ 1
Atotal(Tf_Tw) ( 6)
1%
L. = 1
¢ Atotal ( 7)
N = ke (18)

k

where, T,, is the average temperature of the tank wall, T, and Tj,,, are the average temperatures
of the top and bottom walls, q;’ and q;, are the average heat fluxes on the top and bottom walls,
Qtotar 18 the rate of heat loss from the entire tank, A;, A and A, are the surface area of the top,
side and bottom walls, A, is the total surface area of tank walls, h is the average heat transfer
coefficient, V is the volume of the tank, L is the characteristic length, Nu is the average Nusselt

number on the entire tank wall.

2.8 Validation
Having developed the simulation methodology, experimental data obtained from [63] was used

as a benchmark to validate the results from computational simulations of a tank without a baffle
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jacket due to lack of experimental data with baffled tanks, as indicated in Table 2. In their
study, [65] investigated steady state cooling of rectangular tank with uniform heat generation
having Rayleigh numbers, Ra, gen between 5 X 102 and 10'*. However, it has been shown

that the results from rectangular tanks are applicable to cylindrical tanks and are unlikely to
result in significant variations in computational solutions, so long as the condition shown in
Equation (3) is met [66]. In this respect, all the investigated cases shown in Table 1 were found

to fulfill this condition.

D >->2M (19)
G*
Pr

From Figure 3, it is apparent that the simulated CFD results agrees well with the published data
[65] with the maximum variation found to be within 15%. On this basis it is believed that the
validated computational methodology will be sufficient for investigating the effect of baffle on

natural convection heat transfer given that a similar approach has been used in previous studies

[67, 68].

Table 2. Chosen validation points along with dimensions of CFD models considered

H (m) AR Volume (L) | ggen(W/m?) Rag gen
0.5 1 125 2000 6.28 x 1012
0.52 1 140 2000 7.64 x 1012
0.55 1 157 2000 1.01 x 1013
0.6 1 216 2000 1.56 x 1013
0.63 1 250 2000 1.99 x 1013
0.8 1 512 2000 6.58 x 1013
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Fig. 3. Validation of CFD model with published Nusselt correlations on top, side, and bottom

walls

3. Results and Discussion
Having validated the computational methodology, it was decided to explore the effect of baffle

length and its location on natural convection heat transfer inside storage tanks having various

volumes and aspect ratios shown in Table 1.

3.1 Effect of baffle length on natural convection flow
The perceived benefit of placing a considered baffle configuration inside the tank was to divert

the sinking boundary layer flow towards the inner side of the baffle away from the side wall.
In Figure 4, it can be seen that the longest baffle placed closest to the side wall appears to
achieve this to a certain extent. This is due to the presence of a stratified region between the
baffle and the side wall that is more apparent in Figure 5. In this jacket, the velocity of the
boundary layer flow is also noticeably reduced compared to the tank without the baffle. It is
important to note however that this flow behavior was achieved with the assumption that baffle

jacket is adiabatic with no conduction heat transfer across it.
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Velocity Magnitude (m/s): 0.002 0.006 0.01 0.014 0.018 0.022 0.026
T

Fig. 4. Velocity contours for tank model (V=169L, AR=2.8) at the center plane with (a) no
baffle and (b) baffle ((R-1,)/R=0.065, I,/H=0.75)
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Fig. 5. Temperature contour for tank model (V=169L, AR=2.8) at the center plane with baffle
((R-15)/R=0.065, 1,/H=0.75)
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Similarly, in Figure 6, it is apparent that baffles with shorter lengths, 50% and 25% of the
height, were still able to redirect the boundary layer flow away from the side wall. However, it
was also observed that shortening the length of the baffle allows boundary layer to grow and
reach higher velocity in comparison to that of longest baffle (Figure 4 (b)) which could

potentially enhance convection heat transfer inside the tank.

Velocity Magnitude (m/s): 0.002 0.006 0.01 0.014 0.018 0.022 0.026

1.2

——— e e —]

Fig. 6. Velocity contours for tank model (V=169L, AR=2.8) at the center plane with: (a)
baffle ( (R- 1,)/R=0.065, 1, /H=0.5) and (b) baffle ( (R- 1,)/R=0.065, 1, /H=0.25)

3.2 Effect of baffle position on natural convection flow and heat transfer

The position of the baffle jacket also plays an important role in limiting the natural convection
flow inside the tank. Figure 7 shows the velocity contours of different baffle positions for a
fixed medium baffle length (50% of tank height). It can be seen from the figure that increasing
the distance between the baffle and the side wall allows the boundary layer flow (thermal

plume) to progress further along the side wall. This is because the boundary layer thickness is
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much thinner than the gap between the baffle and the side wall. This could potentially lead to

an increase in convection heat transfer.

Temperature (°C) 59.0 59.3 59.6 59.9 60.2 60.5 60.8
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Fig. 7. Temperature contours of tank model (V=169L, AR=2.8) with different baffle
positions (a) (R- 1,)/R=0.065, (b) (R-r_b)/R=0.13 and (c) (R- 1,)/R=0.26 for a fixed baffle
length of 1, /H=0.5

By diverting the boundary layer flow, and preventing it from flowing along the side wall, there
is a marked decrease in convection heat transfer, as represented by the Nusselt number in Figure
8. Here, it can be seen that all baffle configurations result in lower convection heat transfer

when compared to the tank without a baftle.

In addition, the Nusselt number decreases with increasing baffle length since the growth of
boundary layer and its velocity is proportional to the baffle length. Similarly, moving the baftle
jacket away from the side wall results in higher Nusselt number since the gap between the two

allows the boundary layer flow to lose heat to the side wall as it travels along the wall.
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Fig. 8. Variation of overall Nusselt number with different baffle lengths and positions (V=169L,
AR=2.8)

Interestingly, the Nusselt number in the case with the shortest baffle length (25% of tank
height), placed at 6.5% of tank radius from the side wall was higher than that of 13%. To
explain this, velocity contours of both cases were examined in greater detail. In Figure 9, it can
be seen that placing a baffle close to the wall results in a recirculation cell near the top of the
baffle, while this cell is absent when the baffle is placed further from the side wall (13% of
tank radius). The presence of this recirculation flow marginally increases convection heat
transfer on the side wall while the other tank walls remain unaffected, as shown in Figure 10.
The formation of this recirculation cell could be associated with the perturbation of the
boundary layer flow when it meets the baffle, due to the small gap between the baffle and the

side wall relative to the boundary layer thickness.
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Fig. 9. Velocity contours of tank model (V=169L, AR=2.8) with different baffle positions (a)
(R- 15)/R=0.065 and (b) (R- 1,)/R=0.13 for a fixed baffle length of 1, /H=0.25

1000
- ——a&——  Side wall
800 #— Topwall
i ——¢—— Bim wall
z
400
200
N ——— ; 7
0.1 0.2 0.3
(R-r /R

Fig. 10. Variation of convective heat transfer coefficient on each wall for different baffle
positions for a fixed baffle length (I, /H=0.25)
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From Figure 8, it was also worth noting that the Nusselt number in the case with longest baffle
length (75% of tank height), placed at 13% of tank radius from the side wall was higher than

that of 26%. To explain this, velocity contours of both cases are shown in Figure 11.

In Figure 11, it is apparent that the majority of the boundary layer flow is redirected along the
inner baffle wall without getting cooled by the exterior wall, leading to the formation of
recirculation cells at the bottom. Because of this, a portion of the existing hot water rises and
meets with the falling boundary layer near the top end of the baffle. This increases the
temperature of water inside the boundary layer which leads to an increase in its velocity.
However, the increase in the velocity of the boundary layer is more pronounced when the baffle
is placed at 13% of tank radius from the side wall compared to that of 26%. This is because
placing the baffle further away from the wall (26% of tank radius) allows part of the boundary
layer flow to continue travelling along the side wall instead of getting diverted into the baffle
jacket, resulting in weak recirculation cells compared to when baffle is placed nearer to the
wall (13% of tank radius). This phenomenon affects convection heat transfer on the side wall
while other tank walls remain unaffected, as represented by Nusselt number for each wall in

Figure 12.
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Fig. 11. Velocity contours of tank model (V=169L, AR=2.8) with different baffle positions
(a) (R- 1,)/R=0.013 and (b) (R- 1v)/R=0.26 for a fixed baffle length of 1, /H=0.75
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Fig. 12. Variation of convective heat transfer coefficient on each wall for different baffle
positions for a fixed baffle length (I, /H=0.75)
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A similar variation in Nusselt number with baffle length and position was found for the larger

tank model with 402 L and aspect ratio of 2.8, as shown in Figure 13.
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Fig. 13. Variation of overall Nusselt number with different baffle lengths and positions

(V=402L, AR=2.8)

3.3 Effect of aspect ratio on natural convection heat transfer

After analyzing the effect of baffle configuration on natural convection inside the storage tanks,
it was decided to examine the influence of aspect ratio on natural convection heat transfer inside
these tanks. From Figure 14, it can be seen that increasing the aspect ratio decreases natural

convection heat transfer inside the tank as indicated by the reduction in Nusselt number.
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To explain this, velocity contours of the tank model with baffle length (25% of tank height)
placed at a distance of 13% of tank radius from the side wall are shown in Figure 15. As can
be seen from the figure, the portion of buoyancy driven boundary layer flow on the side wall
directed towards the core of the tank, away from the side wall, increases with increasing aspect
ratio. For aspect ratios of 1 and 2.3, the recirculation cell was observed on the inner side of the
baffle owing to small portion of boundary layer flow that is redirected by the baffle. However,
this recirculation flow disappears as an increasing portion of boundary layer flow is redirected
away from the side wall inside the tank with aspect ratio of 2.8. This is due to an increase in
the momentum of the boundary layer flow with aspect ratio, which gets disturbed by the
presence of the baffle and forced to enter the inner side of the baffle. This results in a decrease

in convection heat transfer on the side wall, as shown in Figure 16 (a).

On the other hand, thermal stratification inside the tank proportionally increases with aspect
ratio, as indicated in Figure 16 (b). As a result, natural convection heat transfer on the top wall
gets also restricted with increasing aspect ratio, leading to a decrease in convection heat transfer
coefficient (see Figure 16 (a)). However, no notable natural convection on the bottom wall was
observed. Similar changes flow behavior was observed in remaining tank models with different

baffle configurations, thus leading to a decrease in Nusselt number with increasing aspect ratio.
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Fig. 15. Velocity contours of tank models (V=169L) with aspect ratios of (a) AR=1, (b)
AR=2.3 and (c) AR=2.8 for a fixed baffle length of I, /H=0.25 and position of (R-
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Fig. 16. (a) Variation of local convective heat transfer coefficient on each tank wall and (b)
Maximum temperature difference inside the tank for tank model (V=169L) with a baffle
length of 1, /H=0.25 and position of (R- 1p)/R=0.013

3.4 Correlating geometrical parameters to natural convection heat transfer
Based on the discussion in previous sections, the position and length of baffle jacket and the

storage tank geometry have a direct influence on the magnitude of natural convection heat
transfer inside the tank, and this is linked to the flow in the tank. To present the findings

obtained from numerical CFD modelling in a generalizable way, it was decided to establish a
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correlation that describes natural convection heat transfer coefficient inside vertical cylindrical

storage tanks as a function of baffle jacket and tank geometries.

The obtained correlation between Nusselt number and the geometrical parameters affecting
heat transfer inside the tank can be described by Equation (20):

m — 0354 Ra0-259 (g)—0.035 (%)—0.291 (%)0.054 (20)

Where: 2.89 x 107 < Ra < 1.24 x 108, 1 < AR < 2.83; 0.25H < I, < 0.75H, 0.74R <
r, < 0.935R.

The Rayleigh number for natural convection inside the tank, Ra was defined based on the
difference between the average temperature of water and the tank wall, as indicated in Equation
(21).

Q.Bf(Tf_Tw)Lgc'
vray

Ra = 1)

In Figure 17, the fitted Nusselt number correlation using multiple non-linear regression is
plotted against the simulated Nusselt number. As can be seen from the figure, the proposed
Nusselt correlation shows a good agreement with numerical data, with all data falling between
+15% of the simulated data. This implies that the developed correlation is suitable to estimate
heat transfer coefficient for the given range of aspect ratio, baffle position and length.

90

75

60

= 45

30

15 —
s
-

=~
0 IR T R R M M I I I L

0 15 30 45 60 75 90
Nucom:lated

Fig. 17. Correlation of convective heat transfer coefficient inside cylindrical tanks with

baffles indicating the goodness of fit
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4. Conclusion
In this study, the effect of passive baffle length and position on natural convection heat transfer

inside vertical cylindrical solar storage tank geometries with a range of aspect ratios was

comprehensively investigated.

The findings show that the presence of a baffle inside the tank had a significant effect on natural
convection through the alteration of flow. In some cases, the baffle leads to a reduction in the
Nusselt number inside the tank of almost 40%. It was found that the length of the baffle is
inversely proportional to the strength of natural convection inside the tank while placing the
baftle closer to the side wall suppresses natural convection heat loss by diverting the boundary

layer flow away from the wall.

As a result, the results show that baffle jacket having the highest length and placed nearest to
the side wall leads to lowest natural convection heat transfer inside the tank. However, the
material of the baffle needs to be chosen carefully, and materials with low thermal conductivity
are preferable, as these avoid heat conduction through the baffle. Finally, a generalized
correlation that can be used to predict natural convection heat transfer inside tanks equipped
with baffle jacket was presented. It is hoped that designers of these systems can take advantage
of the obtained correlation to improve the thermal performance of these tanks with a passive
baffle in the future. It is also recommended to extend the study by considering strongly

stratified tanks to represent more practical scenarios in the future.
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