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a b s t r a c t

This study numerically investigates the effect of the brine flow rate on the thermal performance of
a spiral-jacketed thermal storage tank (TST) installed in a solar domestic hot water (SDHW) system. The
spiral-jacketed TST is a TST with a mantle heat exchanger, consisting of a vertical, cylindrical water tank
for energy storage and a spiral brine flow path attached to the tank wall for heat transfer. A computa-
tional fluid dynamics (CFD) model was constructed based on the actual geometry of a spiral-jacketed TST.
In addition, the boundary conditions were defined by considering solar radiation and ambient temper-
ature data that were measured during experimental operation of the SDHW system. The numerical
results demonstrated that an increase in the brine flow rate enhances the thermal efficiency of the TST
due to higher heat transfer coefficients in the spiral path, and also leads to reduced thermal stratification
in the TST. On the other hand, a lower brine flow rate increased the heat transfer rate at the inlet of the
spiral path near the top of the TST, which resulted in enhanced thermal stratification. The optimal range
for the rate of brine flow rate is discussed with respect to the thermal efficiency of the TST and the
required pumping power for brine circulation in the spiral flow path.

� 2011 Elsevier Ltd. All rights reserved.
1. Introduction

Solar energy is the fundamental source of all types of energy
currently used by humans, including fossil fuels, hydraulic power,
and wind power. Solar energy is almost unlimited in its supply, has
minimal environmental impact, and is available free of charge. In
fact, solar thermal energy has long been utilized to reduce the
energy requirements for heating in both domestic and industrial
settings [1,2]. In addition, photovoltaic cells are currently the focus
of extensive research efforts to develop alternative methods of
electrical energy production by direct conversion of solar energy.
Thus, solar energy is expected to be an important source of
renewable energy in the future.

A typical example of solar energy utilization is solar domestic
hot water (SDHW) systems that collect and store solar thermal
energy in the form of hot water for domestic use. An SDHW system
consists of roof-mounted solar panels for solar energy collection,
single or multiple thermal storage tanks (TSTs) for hot water
storage, a liquid pump for the circulation of brine (heat transfer
þ82 2 883 0179.
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fluid) between the solar panels and the TSTs, and a liquid-to-liquid
heat exchanger for energy transfer from brine to water in the TSTs.
In general, an SDHW is also equippedwith auxiliary electric heaters
for additional water heating and an automatic controller for the
operation of the entire system.

Conventional SDHW systems primarily use immersed coil heat
exchangers [3] or external shell and tube heat exchangers [4,5] for
the transfer of energy from the brine to the water in the TST. There
are also other types of heat exchangers available for solar heating
applications, such as flat-plate and tube-in-tube heat exchangers
[6]. Regarding alternative heat exchangers for SDHW systems,
several researchers have recently studied the performance of TSTs
equipped with mantle heat exchangers [7e15]. The mantle heat
exchanger is, in fact, an annular flow path for brine attached to
a TST through which hot brine is circulated; this allows for the
transfer of heat to the water in the TST. This simple and cost-
effective concept is an important advantage of mantle heat
exchangers over conventional heat exchangers [8].

The performance of a TST in an SDHW system can be evaluated
by determining the ratio of the thermal energy stored in the TST to
the total solar radiation incident on the collector panels during
a given period. However, this performance estimate, which is based
on the average water temperature, may not properly account for
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effectiveness with respect to the thermal stratification within the
TST. For example, a TST with more thermal stratification can
provide a larger amount of hot water at a fixed average temperature
compared to a TST with less thermal stratification. In that case, an
exergy analysis may be a better choice to evaluate the performance
of a TST [16e18]. In addition, the quantity of electrical power
consumed by liquid pumps should also be included in the exergy
analysis for a comprehensive assessment of SDHW systems.

In this study, computational fluid dynamics (CFD) simulations
were performed to investigate the effect of the brine flow rate on
the performance of a spiral-jacketed TST. A spiral-jacketed TST is
composed of a vertical cylindrical tank for thermal energy storage
and a spiral flow path attached to the tank wall for heat transfer (a
mantle heat exchanger). The performance of an SDHW systemwith
a spiral-jacketed TST was the subject of previous experimental
studies by Reindl et al. [19]. In addition, Nam et al. [20] developed
a CFD model of the spiral-jacketed TST and verified its reliability by
comparing the simulation results to the measured performance.

Thus, based on the CFD model established by Nam et al. [20],
this study quantitatively investigates the effect of the brine flow
rate on the acquired thermal energy and thermal stratification in
the spiral-jacketed TST, as well as the heat transfer characteristics of
the spiral flow path. The optimal flow rate for brine circulation is
also discussed by considering both the thermal performance of the
TST and the required pumping power for the system.

2. Theory and calculations

2.1. SDHW system

Fig. 1 shows a schematic diagram of the SDHW system with
a spiral-jacketed TST that was considered in this study. As illus-
trated in Fig.1, the spiral-jacketed TST is amantle-type TST inwhich
a spiral flow path for the brine is attached to the tank wall for heat
transfer. The SDHW system shown in Fig. 1 is the same system as
was used in the experimental study by Reindl et al. [19]. The
authors of that study demonstrated that an SDHW system with
a spiral-jacketed TST could greatly reduce system complexity as
well as installation and maintenance costs compared to conven-
tional systems with an external heat exchanger; however, the
thermal performance was slightly reduced by about 6e11%.
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Fig. 1. Schematic diagram of an SDHW syste
In Fig. 1, the SDHW system consists of two circuits: one circuit
for brine that circulates between the solar collector panels and the
mantle heat exchanger attached to the TST, and the other circuit for
city water that is stored and heated inside the TST, and then
supplied as domestic hot water. The brine circuit consists of solar
collector panels, a liquid pump, a spiral mantle heat exchanger, and
an automatic control unit. The brine is heated in the collector
panels by absorbing solar energy, after which it is pumped toward
the TST. Subsequently, the hot brine flows through the spiral heat
exchanger and transfers thermal energy to thewater in the TST, and
it then returns to the solar collector panels. The automatic
controller monitors the temperature at the inlet and outlet of the
solar collector panel and controls the brine flow with the liquid
pump.

The water circuit consists of a vertical cylindrical TST, an auxil-
iary heater, a liquid pump, and a power converter. The cold water is
supplied to the TST through the inlet near the bottom of the tank.
While it is stored inside the TST, the city water is heated by
acquiring energy from the hot brine that circulates through the
spiral mantle heat exchanger. When it is needed, the hot water is
discharged from the TST through the outlet near the top of the TST.
The auxiliary heater and the power converter are operated as
needed to increase the temperature of the hot water supply to an
adequate level for household use. Detailed specifications of the
SDHW system are provided in Table 1 [19].

2.2. CFD model

The CFD model of the spiral-jacketed TST is shown in Fig. 2; the
grid structure, the locations of the brine inlet and outlet, and
the dimensions of the TST and the spiral flow path are presented.
The capacity of the vertical cylindrical TST was about 400 [, with
a diameter, D, of 608 mm and a height, H, of 1410 mm. Liquid water
stored in the TST was assumed to be at rest, with a uniform
temperature distribution (17.8 �C) at the beginning of the charging
process.

As shown in Fig. 2, hot brine from the collector panels enters
through the inlet near the top of the TST, travels along the spiral
flow path, and then exits through the outlet near the bottom. The
spiral flow path has a rectangular cross-section (100 mmwidth by
15 mm height) and wraps nine times around the TST. As the hot
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Table 2
Physical Properties for fluids in the spiral-jacketed TST.

Fluid Properties Values

Water a (inside the TST) Density, rw 998 kg m�3

Viscosity, mw 0.000889 Pa s
Specific heat, cpw 4182 J kg�1 K�1

Conductivity, kw 0.62 W m�1 K�1

Brine PG/water mixture (40 wt%)
(inside the spiral path)

Density, rb 1040 kg m�3

Viscosity, mb 0.00211 Pa s
Specific heat, cpb 4185 J kg�1 K�1

Conductivity, kb 0.416 W m�1 K�1

a These properties are the representative values at 25 �C. In actual CFD simula-
tions, temperature-dependent properties were used except the density of water.

Table 1
Detailed specifications for the SDHW system considered in this study, adopted from
Reindl et al. [19].

Solar collector panel Type Flat-plate
Dimension 1179 mm � 2228 mm
Number of units 4 (serial connection)
Area 10 m2 (4 � 2.5 m2)
Slope 40� (fixed)

Thermal storage tank Type Vertical cylinder
Dimension 297 mm (D) � 1410 mm (H)
Capacity 400 [

Material Sheet steel (enamel-coated)
Heat exchanger Type Mantle (spiral-jacketed)

Channel dimension 100 mm (W) � 15 mm (H)
Pitch 120 mm

Brine pump Type Centrifugal
Capacity 60 [/min (at 4 m pump head)
Rated power 80 W

Controller module Type Temperature control (on/off)
Auxiliary heater Type Instant electric heater

Capacity 13.2 kW
Pipe Diameter 20 mm

Material Copper or steel
Insulation Material Polyurethane (100 mm)
Heat transfer fluid Material Water/propylene glycol mixture
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brine flows through the spiral flow path, thermal energy is trans-
ferred from the brine to the water in the TST via the side wall. The
heat transfer from the tank wall causes slow natural convection of
liquid water inside the TST, characterized by an upward motion of
the liquid water near the heated wall and a downward motion near
the center.

A 40%(wt) mixture of propylene glycol (PG) and water was used
as the brine in the spiral path to prevent freezing in cold weather
conditions [19]. The physical properties of the water and brine
considered in this study are summarized in Table 2. The wall of the
TST was made of a 3.2 mm-thick sheet of steel and was coated with
corrosion-resistant enamel (0.25 mm thick) on both sides. An
adiabatic condition was imposed on the top, bottom, and circum-
ference of the calculation domain due to the polyurethane foam
insulation (100 mm thick).
Fig. 2. Configuration and numerical grids used for the spiral-jacketed TST.
The computational grid was generated separately for three
regions: the cylindrical TST for water storage, the spiral flow path
for brine circulation, and the enamel-coated tank wall. The grid for
the TST was constructed based on a structured ‘O-grid’ topology to
obtain a better resolution for the non-axisymmetric flow struc-
tures. In addition, a smaller grid size of about 1 mmwas used near
the tank wall to capture the large gradient of temperature and
velocity distribution in that region. The grid for the spiral flow path
was designed with a rectangular cross-section of 13 cells in the
width direction and 10 cells in the height direction. The grid for the
tank wall was created using three layers of cells for the steel plate
with enamel coating. Then, the total number of finite volume cells
was 166,000: 88,200 cells were used for the TST, 67,000 cells were
used for the spiral path, and 10,800 cells were used for the tank
wall.

2.3. Governing equations

The fluid flow and heat transfer in the spiral-jacketed TST are
governed by the conservation of mass, momentum, and energy. For
an incompressible fluid, the conservation of mass, or the continuity
equation, is written as

vuj
vxj

¼ 0; (1)

where xj (j ¼ 1,2,3) is the direction in the Cartesian coordinate
system, and uj is the velocity component in that direction.

The conservation of momentum, or the NaviereStokes equation
is written as

r

 
vui
vt

þ uj
vui
vxj

!
¼ �vp

vxi
þ m

v2ui
vxjvxj

� rgib
�
T � Tref

�
; (2)

where r is the density, p is the pressure, m is the dynamic viscosity,
gi is the gravitational acceleration, b is the volume expansion
coefficient, and T is the temperature which is a variable in time, T(t).
In Eq. (2), the Boussinesq approximation is used to account for the
density variation with respect to temperature.

As shown in Eq. (2), this study assumes that laminar flow is
prevalent in the liquid water flow inside the TST. The Rayleigh
number was estimated to be on the order of 1012 during the
charging process of the TST. According to Qureshi and Gebhart [21],
the transition toward turbulent flow occurs at about 1013 if the
liquid water is heated by a vertical wall with a constant heat flux
condition. For example, using the laminar flow equations, Papani-
colaou and Belessiotis [22] successfully calculated the transient
natural convection of liquid water in a cylindrical enclosure up to
a Rayleigh number of 1013.

Note that the laminar flow equation of Eq. (2) was also used,
without the Boussinesq term, to calculate the brine flow in the
spiral path of the TST. At some high flow rates considered in this
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study, the brine flow in the spiral jacket corresponded to turbu-
lent flow regime. However, it was found that turbulent flow
calculation had only minimal effects on the overall simulation
results (the acquired heat and the overall heat transfer coeffi-
cient), compared to laminar flow calculation. Thus, laminar flow
calculation was employed for the brine flow in the spiral jacket
irrespective of the brine flow rate, focusing more on low flow rate
conditions.

The equation for the conservation of energy is written as

rcp

 
vT
vt

þ uj
vT
vxj

!
¼ v

vxj

 
k
vT
vxj

!
; (3)

where cp is the specific heat at constant pressure and k is the
thermal conductivity. Note that Eq. (3) is the standard con-
duction�convection equation for energy transport and conserva-
tion. For solid regions, uj in Eq. (3) should be zero to reflect a pure
conduction process.
2.4. Brine inlet conditions

The thermal efficiency of the spiral-jacketed TST shown in Fig. 2
can be estimated by simulating the charging process with a fixed
inlet temperature for the brine. However, the efficiency of the TST
can be more accurately evaluated with respect to the SDHW system
by employingmore realistic conditions for the brine temperature at
the inlet of the spiral heat exchanger. Because the brine circuit in
the SDHW system forms a closed circulation loop, as shown in Fig.1,
the brine temperature at the inlet of the spiral heat exchanger is
directly influenced by the brine temperature at the outlet. In
addition, the thermal energy collected in the solar panels should
also be considered to properly track the variation of the brine
temperature.

In this study, the brine temperature at the inlet of the spiral
flow path was calculated at the beginning of each time step
based on the outlet temperature at the previous time step and
actual solar radiation data. Fig. 3 shows the solar radiation
intensity incident on the collector panels, Gt, and th with the
following expressions:

GtðtÞ ¼ 619:82þ233:18t�84:25t2þ7:131t3
�
R2 ¼ 0:939

�
; (4)
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Fig. 3. Solar radiation and ambient temperature conditions measured during an
experiment on Nov. 31, 2005.
TaðtÞ ¼ 9:88þ0:136t�0:644t2 � 0:0767t3 R2 ¼ 0:989 ; (5)

� �

where t is the time in hours, and R2 is the coefficient of
determination.

If heat loss in the pipes is neglected, then the brine temperature
at the inlet of the collector panels, Tc,in, becomes the same as that at
the outlet the spiral flow path, Ts,out. Likewise, the brine tempera-
ture at the inlet of the spiral flow path, Ts,in, becomes the same as
the outlet temperature of the collector panels, Tc,out. Thus, the
temperature difference between the inlet and the outlet of the
collector panels, DTchTc,out�Tc,in, is similar to the temperature
difference between the inlet and the outlet of the spiral heat
exchanger, DTshTs,in�Ts,out, i.e., DTc¼DTs.

The collection efficiency of the solar panels, hc, can be expressed
as [1]

hc ¼ _mcpDTc
GtAc

¼ FRðsaÞ � FRUL
Tc;avg � Ta

Gt
; (6)

where _m is the mass flow rate of the brine, Gt is the incident
radiation intensity, Ac is the total collecting area, FR is the collector
heat removal factor, sa is the transmittance-absorptance product,
UL is the overall heat loss coefficient, Ta is the ambient temperature,
and Tc,avg is the average brine temperature in the collector panels,
which is calculated as Tc,avg¼ (Tc,inþ Tc,out)/2. By rearranging Eq. (6),
the inlet-outlet temperature difference for the solar collector
panels, DTc, can be written as

DTc ¼ Tc;out � Tc;in ¼ GtAcFRðsaÞ � FRULAc
�
Tc;avg � Ta

�
_mcp

: (7)

In Eq. (7), Ac was set to 10 m2 because four 2.5 m2
flat-plate

collectors were connected in series to absorb solar thermal
energy. In addition, two characteristic parameters for the solar
collector panels, FR(sa) and FRUL, were estimated as 0.7321 and
6.1021 W/m2-K, respectively [1]. To determine DTc, the measured
incident radiation intensity, Gt(t), in Eq. (4) and the ambient
temperature, Ta(t), in Eq. (5) were substituted into Eq. (7). To
examine the effect of the brine flow rate, five different values of _m
(2, 4, 8, 16, and 32 [/min) were considered in this study.

In the calculation, the brine temperature at the inlet of the spiral
heat exchanger, Ts,in, was determined at the beginning of each time
step as follows:

Ts;in ¼
�
T0; t ¼ 0
Told
s;out þ DTc; t>0 : (8)

Here, T0 is the initial temperature of the brine (17.8 �C) at t ¼ 0,
and Tolds;out is the brine temperature at the outlet of the spiral flow
path as determined in the previous time step. Eq. (8) uses the
equality of DTs ¼ DTc that was derived from the assumption of
negligible heat loss in the pipes. In addition, the heat capacitances
of the liquid pump, collector panels, and various piping compo-
nents are also neglected in Eq. (8).

The present model was focused on the detailed heat transfer
and fluid flow calculation for the spiral-jacketed TST, while the
other part of the system, such as the solar collector panels, was
approximated by the semi-empirical formula, Eq. (6). In addition,
this study considered the radiation intensity and the ambient
temperature, Eqs. (4) and (5), which weremeasured during a day in
the fall season. Thus, it should be noted that the present model may
have limited capabilities for predicting the overall performance of
SDHW systems. For more accurate prediction of the SDHW system
performance, the thermal behaviors of the solar collector panels
and pipes should be considered in the CFD model using relevant
zero-dimensional models, and also the seasonal variation of solar
and ambient conditions.
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2.5. Numerical procedure

The fluid flow and heat transfer in the spiral-jacketed TST were
simulated using the commercial CFD software, STAR-CD (CD-
Adapco, Korea), which is based on the finite volume method. The
temporal and the spatial discretization of the governing equations
were achieved using the first-order implicit Euler method and the
second-order monotone advection and reconstruction scheme
(MARS), respectively. The velocity-pressure coupling in the tran-
sient simulation was solved using the pressure implicit splitting of
operators (PISO) algorithm. The spiral-jacketed TST undergoing
a 5-h charging process was simulatedwith a constant time step size
of 6 s, which required transient calculations for a total of 3000 time
steps. The time step size of 6 s was chosen considering both the
accuracy and efficiency of the CFD simulations.

3. Results and discussion

3.1. Model validation

The present numerical calculation is based on the same CFD
model for SDHW systems developed previously by the authors [20].
Thus, the validity of the presentmodel was indirectly demonstrated
by referring to the results of our previous study. The grid size and
time step dependency tests were also performed in the develop-
ment of the CFD model. The validation test results excerpted from
our previous study [20] are shown in Fig. 4, where Et,1h denotes the
energy acquired by the spiral-jacketed TST per hour. Note that the
brine flow rate was fixed at 24.8 [/min.

Fig. 4 shows that the simulated Et,1h was much higher than the
experimentally determined value for the first hour. A smaller value
for Et,1h was obtained in the experiment because the brine circu-
lation pumpwas stopped for about 13.5 min at the beginning of the
experiment. During this period, some solar energy accumulated
inside the collector panels along with an increase in the collector
temperature. This, in turn, resulted in a slightly higher experi-
mental Et,1h compared to the simulated Et,1h in the second hour, as
indicated in Fig. 4. The difference in the experimental and the
numerical Et,1h for the third and fourth hours without pump
interruption was less than 1%.

The total energy acquired by the spiral-jacketed TST during the
5-h charging process, Et,5h, could be obtained by summing up
hourly Et,1h shown in Fig. 4. The experimental Et,5h was about
52.9 MJ, which corresponds to 40.6% of the total solar radiation
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energy (about 130.3 MJ) incident on the collector panels. Similarly,
the numerical Et,5h from the CFD simulation was about 56.0 MJ
(43.0% of total solar radiation). Then, the difference between the
experimental and the numerical Et,5h was estimated to be about
5.5% (3.1 MJ/56.0MJ), with the difference being due primarily to the
variation in the experimental conditions. Thus, the reliability of the
present CFD model was validated by relatively good agreement
between the experimental and numerical performances.

3.2. Thermal performance

Fig. 5 shows the temporal evolution of the mixed temperature,
Tw,mix, for the water stored in the spiral-jacketed TST during the 5-h
charging process. Themixed temperature was calculated in the CFD
simulations as

Tw;mix ¼

P
i
Tw;iDViP
i
DVi

; (9)

where Tw,i is the temperature of a finite volume cell i corresponding
to the cylindrical fluid region, and DVi is the volume of the cell.
Fig. 5 clearly indicates that the mixed temperature increases faster
with time when the brine flow rate, Qb, is higher. However, the
effect of the brine flow rate on the mixed temperature is less
noticeable as the magnitude of Qb becomes greater than 8 [/min.
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Table 3
Summary of simulation results for the spiral-jacketed TST operated with different brine flow rates.

Qb Tw,mix DTw,5 h Et,5 h Xt;5 h hth Pp tcirc UA Xt;5 h � R5 h Ppdt

2 [/min 47.4 �C 13.1 �C 50.7 MJ 2.46 MJ 38.90% 6.8 W 160 min 116.6 W/K 2.33 MJ
4 [/min 49.1 �C 10.1 �C 52.2 MJ 2.70 MJ 40.02% 13.7 W 121 min 187.9 W/K 2.45 MJ
8 [/min 49.9 �C 7.7 �C 53.8 MJ 2.83 MJ 41.32% 27.8 W 86 min 270.8 W/K 2.33 MJ
16 [/min 50.1 �C 6.6 �C 54.7 MJ 2.86 MJ 41.95% 59.5 W 74 min 337.8 W/K 1.79 MJ
32 [/min 50.5 �C 5.6 �C 54.9 MJ 2.92 MJ 42.11% 149.6 W 63 min 396.9 W/K 0.23 MJ
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Themixed temperature is directly related to the energy acquired
by the TST, Et, as expressed by

Et ¼ rwcpwVt
�
Tw;mix � Tw;0

�
; (10)

where Vt is the total volume of the TST (about 400 [). Fig. 6
compares the total thermal energy collected by the solar panels,R
5h

GtAcdt ¼ 130:3 MJ, and the total acquired energy of the TST,

Et,5h, for different brine flow rates. Fig. 6 also shows that a higher Qb

generally increases the total amount of energy acquired by the TST.
In this model, the thermal energy loss through the 10-cm thick
polyurethane foam insulator was ignored. A post-simulation anal-
ysis showed that this thermal loss was only about 0.5% of Et,5h for an
assumed temperature difference of 30 �C.

A quantitative summary of the performance of the spiral-
jacketed TST in the SDHW system is provided in Table 3, in which
the thermal performance of the TST, hth, is defined as

hth ¼ Et;5hZ
5h

GtAcdt
� 100%: (11)

For the SDHW system shown in Fig. 1, a higher brine flow rate
tends to reduce the average temperature of the brine that circulates
through the tubes, pumps, and solar collector panels. This reduc-
tion in the brine temperature decreases the loss of thermal energy
to the surroundings, as modeled in Eqs. (6) and (7). Thus, a higher
hth at a higher brine flow rate can be partially attributed to this
reduction in heat transfer to the ambient air.

In Table 3, the thermal efficiency, hth, increases only slightly by
about 3.21 percentage points (from 38.90% to 42.11%) when the
brine flow rate is increased by a factor of 16 from 2 [/min to 32
[/min. Note that the pumping power is also an important factor that
affects the performance of an SDHW system. Thus, the pumping
power, Pp, was estimated as
Fig. 7. Final distribution of temperature in themid-plane of the spiral-jacketed TSTat t¼ 5 h: (
Pp ¼ rbgDhQb
h

; (12)

p

where Dh is the pump head and hp is the pump efficiency
(assumed to be 0.5). The pump head was assumed to be the sum
of the static pressure head corresponding to 10 m elevation and
the viscous pressure head corresponding to brine flow through
straight 20 m pipe of 2 cm diameter. The estimated pumping
power is presented in Fig. 6, in which a nonlinear dependence of
Pp on Qb, as indicated in Eq. (12), can be observed. The estimated
pump power is relatively small (6.8 W for Qb ¼ 2 [/min), but it
becomes very large, reaching 149.6 W for Qb ¼ 32 [/min This high
power consumption to maintain brine circulation seems to be too
large for an SDHW system.

In addition to the energy analysis, an exergy analysis is also
frequently conducted to evaluate the performance of a TST in an
SDHW system [16e18]. Exergy is defined as the maximum amount
of useful work extracted during an ideal process that brings the
system into equilibrium with ambient conditions. Thus, the exergy
of the TST, Xt , was calculated in the CFD simulations as

Xt ¼
X
i

rwcpw
��
Tw;i � Tw;0

�� Tw;0ln
�
Tw;i=Tw;0

��
DVi; (13)

where the ambient temperature was assumed to be equal to the
initial water temperature, Tw,0. The exergy in the TST at the end of
the charging process, Xt;5h, is summarized in Table 3. In addition,
the net exergy of the TST, Xt;net , was calculated by subtracting
the total work required to pump the brine for 5 h from Xt;5h, such
that [16]

Xt;net ¼ Et �
Z
5h

Ppdt: (14)

In Table 3, the net exergy of the TST is highest at the brine flow
rate of Qb ¼ 4 [/min. Based on this result, the optimal range for Qb

was assumed to be around 4 [/min.
a) Qb¼ 2 [/min, (b) Qb¼ 4 [/min, (c)Qb¼ 8 [/min, (d)Qb¼ 16 [/min, and (e)Qb¼ 32 [/min.
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3.3. Thermal stratification

The performance of the spiral-jacketed TST was quantitatively
evaluated in the previous section by considering the amount of
energy and exergy that were stored at the end of the 5-h charging
process. In addition to those parameters, the thermal stratification
in the TSTwas also recognized as an important factor for improving
the performance of SDHW systems [23]. For an SDHW systemwith
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Fig. 9. Temperature distribution along the centerline of the spiral-jacketed TST:
an external heat exchanger, higher thermal stratification lowers the
return temperature of water toward the external heat exchanger,
which, in turn, reduces the return temperature of the brine toward
the solar collector panels. The efficiency of solar collector panels
generally increases when the return temperature of the brine is
reduced. Thus, extensive research has been conducted to minimize
mixing and thus improve thermal stratification in TSTs by using
internal baffles or porous structures as well as by optimizing
geometry and positions of the inlet and outlet [24e26]. For an
SDHW system with a mantle heat exchanger, higher thermal
stratification in the TST is also desirable to obtain better perfor-
mance for the same reason [12,14].

Fig. 7 shows the simulated distribution of hot water tempera-
ture in the mid-plane of the TST after the 5-h charging process. The
temperature distribution in Fig. 7 clearly indicates that thermal
stratification develops in the TST due to natural convection induced
by the buoyant motion of the heated water near the tank wall. In
Fig. 7, the highest temperature is found at the top of the TST
and remains relatively constant around 52 �C regardless of the
brine flow rate. In contrast, the lowest temperature observed at the
bottom becomes significantly higher as the brine flow rate
increases. In Fig. 7, the degree of thermal stratification in the TST
tends to decrease at higher Qb, mainly because the water temper-
ature at the lower part of the TST increases by storing more heat
(higher average temperature). Also note that the temperature
distribution in the upper one-third region of the TST is insensitive
to the brine flow rate.

The temperature difference between the top and the bottom of
the TST,DTw, is presented in Fig. 8. The brine flow rate is observed to
greatly affect the thermal stratification in the spiral-jacketed TST.
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For example, DTw at the end of the charging process (t ¼ 5 h) is
relatively large as 13.1 �C for Qb ¼ 4 [/min, but it decreases to 5.6 �C
as Qb increases to 32 [/min. See Table 3 for DTw at t ¼ 5 h for other
brine flow rates. In Fig. 8, a peak in the temperature difference is
always observed at around 1�2 h, which is the direct result of the
peak in the incident solar radiation, Gt, shown in Fig. 3. However,
the time at which the peak DTw occurs is retarded as the brine flow
rate decreases, which indicates a slower response of the SDHW
system to the incident solar radiation at lower brine flow rates.

Fig. 9 shows the temperature distribution in the z-coordinate
along the centerline of the TST. The temperature along the
centerline, Tw,cen, is considered to be a representative value because
the temperature gradient in the horizontal plane of the TST is
negligible, as shown in Fig. 7. In addition, the plots for Qb¼ 32 [/min
were omitted in Fig. 9 because they were similar to the plots for
Qb ¼ 16 [/min. The initial water temperature in the TST was set to
17.8 �C according to the experimental conditions. Fig. 9 shows that
water temperature slowly increases during the 5-h charging
process due to the transfer of solar energy from the brine to the
water. The temperature increase is most noticeable between t ¼ 1 h
and t ¼ 3 h, which is the time during which the solar radiation is
greatest. In Fig. 9, the effect of the brine flow rate on the temper-
ature at the top of the TST (z/H ¼ 1) is almost negligible, whereas
the effect on the temperature at the bottom (z ¼ 0) is significant. In
summary, a higher brine flow rate is found to enhance the thermal
performance of the TST by increasing the water temperature in the
range of 0 < z/H < 0.7, while decreasing thermal stratification.

At this moment, it should be noted that only a partial aspect of
thermal stratification was discussed in the present study. In
general, thermal stratification becomes more important in the
situation when the hot water in the TST is actually being used, i.e.,
hot water is drawn off from the top of the TST while cold water is
supplied from the bottom. In this situation, mixingwithin thewater
tank should be minimized in order to obtain themaximum thermal
efficiency. Thus, a CFD calculation with full consideration of
charging/discharging of water can provide more complete assess-
ment of the thermal stratification in the spiral-jacketed TST.

3.4. Heat transfer characteristics

To clarify the effect of the brine flow rate, the heat transfer
characteristics for the spiral-jacketed TST were investigated in
detail. Fig. 10 shows the temporal evolution of the heat flux
distribution at the tank wall for different brine flow rates. In Fig. 10,
the plots for Qb ¼ 32 [/min were omitted as before. The heat flux, q,
was obtained by averaging the calculated heat flux values around
the circumference of the TST. Fig. 10 clearly shows that the distri-
bution of the wall heat flux is strongly influenced by the brine flow
rate. For Qb ¼ 2 [/min, the highest wall heat flux is generally
observed near z/H ¼ 0.8, which is the location of the inlet of the
spiral flow path. In contrast, for Qb> 8 [/min, the highest q is always
found near z/H¼ 0.1, which is the location of the outlet of the spiral
brine path. For Qb ¼ 4 [/min, the wall heat flux exhibits the most
uniform distributionwith a maximumvalue at around z/H¼ 0.8 for
t < 1 h and at around z/H ¼ 0.1 for t > 3 h.

In Fig. 10, a negative heat flux is observed near the top region of
the tank height, which indicates energy transfer from the water in
the TST to the brine in the spiral path. Note that this result is related
to the inlet position of the spiral flow path. As shown in Fig. 2, the
spiral jacket almost completely covered the cylindrical tank, and
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the inlet of the brine flow path was located near z/H¼ 0.8. Thus, the
negative heat flux observed at the top of the TST was caused by
stagnant brine in those regions. However, the magnitude of the
negative heat flux is relatively small and decreases as the brine flow
rate increases.

The detailed heat transfer characteristics of natural convection
inside the TSTare investigated in Fig.11, where the temperature and
velocity boundary layers at the mid-height (z/H ¼ 0.5) and at
t ¼ 2.5 h are presented. In Fig. 11, the boundary layer thickness is
estimated to be about 0.4 cm for the temperature distribution and
about 0.8 cm for the vertical velocity distribution. Fig. 11 clearly
shows that a higher brine flow rate increases the intensity of
natural convection inside of the spiral-jacketed TST. A higher
temperature gradient near the tank wall and a larger magnitude of
vertical velocity are caused by an increase in the brine flow rate.
This result can be readily explained by referring to the heat flux
distribution shown in Fig. 10. At the brine flow rate higher than 8
[/min, energy transfer from the brine to the water is more active in
the lower-half region of the TST, and this increases the natural
convection intensity compared to situations with uniform energy
transfer. However, at a brine flow rate lower than 2 [/min, energy
transfer is more active in the upper-half region of the TST, which
reduces the intensity of natural convection.

Fig. 11(b) shows that the vertical velocity in the boundary layer
near the heated tank wall is positive, but the velocity in the
remaining circular plane of the TST is negative. This result indicates
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that the natural convection generates a global circulating motion of
the water in the TST, characterized by a fast upward flow through
the thin annular boundary layer near the heated tank wall and
a slow downward flow through a large circular area at the core of
the TST. Thus, it is possible to estimate the circulation time, tcirc, that
is required to completely circulate water in the TST through the
boundary layer. To determine tcirc, the volumetric water flow rate
through the boundary layer was calculated first by integrating the
vertical velocity profile shown in Fig. 11(b), and then the tank
volume, Vt, was divided by the volumetric flow rate. The estimated
circulation time, tcirc, is summarized in Table 3. According toTable 3,
circulation of the total volume of water in the TSToccurs about once
per hour for Qb¼ 32 [/min, whereas a complete circulation requires
more than 2.5 h for Qb ¼ 2 [/min. Note that thermal stratification
can be more easily disturbed by using a higher brine flow rate, as
there is more intense circulation of liquid water inside the TST.

Finally, the overall heat transfer coefficient of the spiral-jacketed
TST is shown in Fig. 12. The overall heat exchange coefficient, UA,
was calculated as

rwcpwVt
vTw;mix

vt
¼ UA

�
Ts;in � Tw;mix

�
: (15)

Note that the inlet temperature at the spiral flow path is used in
the definition of UA. Fig. 12(a) shows that the overall heat transfer
coefficient rapidly increases during the first 1 h period, and then
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remains relatively constant. Thus, the average heat transfer coeffi-
cient, UA, was calculated by averaging UA from 1 h to 5 h. Fig. 12(b)
shows that a higher brine flow rate results in a higher overall heat
transfer coefficient, which indicates that better heat transfer char-
acteristics can be obtained by increasing the brine flow rate. One
reason for the better heat transfer properties with a higher Qb is the
enhanced natural convective heat transfer inside the TST, as
confirmed by Fig. 11. Another reason may be the enhanced forced
convection heat transfer in the spiral brine path due to more active
secondary flow at a higher Qb.

4. Conclusion

Using a validated CFD model, this study numerically investi-
gated the effect of the brine flow rate on the performance of
a spiral-jacketed TST installed in an SDHW system. For realistic
simulation of the 5-h charging process, experimental solar radia-
tion and ambient temperature data that were measured during
operation of the SDHW demonstration system were incorporated
into the CFDmodel. The thermal performance of the spiral-jacketed
TSTwas evaluated on the basis of the energy and exergy analyses. In
addition, the thermal stratification and the heat transfer charac-
teristics in the spiral-jacketed TST were also investigated in detail.

The numerical results showed that a higher brine flow rate
generally enhanced the thermal efficiency of the TST, but the
enhancement became less noticeable as the brine flow rate
increased. The exergy of the TST was found to exhibit a maximum
value at the brine flow rate of about 4 [/min among the simulated
flow rates. From this result, the optimum flow rate for the brine
circulation was estimated to be about 2e8 [/min. The results also
showed that higher thermal stratification in the TST can be achieved
by using a smaller brine flow rate. This trend was explained based
on the observed transition in the heat flux distribution at the tank
wall with respect to the brine flow rate. The transition in the heat
flux distribution was also found to affect the natural convection
inside the TST, which influenced the degree of thermal stratification.
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Glossary

A: area, m2

cp: specific heat, J kg�1 K�1

E: energy, J
FR: collector heat removal factor
Gt: solar radiation intensity, W m�2

gj: gravitational acceleration component, m s�2

k: thermal conductivity, W m�1 K�1

Pp: pump power, W
p: pressure, Pa
q: heat flux at tank wall, W m�2

Qb: volume flow rate of brine, m3 s�1

t: time, s
T: temperature, K
uj: velocity component, m s�1

UL: overall heat loss coefficient, W m�2 K�1

UA: overall heat transfer coefficient, W K�1

V: volume, m3

Greek letters
b: volume expansion coefficient, K�1

DTw: top/bottom temperature difference, K
h: thermal efficiency
m: dynamic viscosity, Pa s
r: density, kg m�3

sa: transmittance-absorptance product
X: exergy, J

Subscripts and superscripts
0: initial or reference condition
a: ambient
b/w: brine/water
cen: centerline
c/s/t: collector/spiral path/tank
in/out: inlet/outlet
old: previous time step
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