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Abstract: The central heating technology with thermal storage technology is an important means
to realize thermoelectric decoupling, meet heating demand, reduce primary energy consumption,
and protect the ecological environment. For this paper, the numerical simulation method was used
to study the temperature variation of large-capacity hot water storage tank (HWST) in an actual
combined heat and power system. The influence of various factors, including the length diameter ratio,
water supply temperature, and water supply flow, as well as the orifice diameter and number of the
water distributor, on the flow uniformity and performance of the HWST was investigated. The results
show that the heat storage efficiency and flow uniformity of the HWST can be improved by properly
increasing the water supply flow, the orifice diameter, and number of the water distributor. Increasing
the length diameter ratio can improve the flow uniformity, but it will reduce the heat storage efficiency
of the HWST. Increasing the water supply temperature can increase heat storage efficiency of the
HWST and accelerate the stratification of cold and hot water in the tank. Besides, the comprehensive
analysis of the non-dimensional exergy loss calculation results, velocity field, and temperature field
show that there is a certain coupling relationship between the non-dimensional exergy loss and flow
uniformity at the initial stage of heat storage. In practical application, the influence of these factors on
flow uniformity, heat storage efficiency, and non-dimensional exergy loss should be comprehensively
considered in order to achieve the best heat storage and release performance of the HWST. This paper
provides some engineering guidance for the application of large-capacity heat storage tanks in the
combined heat and power (CHP) system.

Keywords: thermoelectric decoupling; thermal storage technology; combined heat and power (chp);
numerical simulation; heat storage tank

1. Introduction

In recent years, central heating, as a heat-supply way to save resources and reduce environmental
pollution, has gradually become the trend of heating in China’s cities and towns under the whole
circumstances of advocating energy-saving and environment-protecting at the current. Given the
population of central heating in northern cities, predicted by 2025 to reach 179 million, will result in
the heating area reaching 749 million m? and the coal consumption reaching 152 million TCE (1 ton
standard coal equivalent) [1]. Therefore, the energy-savings of heating system is quite indispensable
to meet the increasing heating demand year by year, improve the energy utilization rate, and reduce
environmental pollution.

The operation mode of cogeneration heating system in China, so far, is mainly based on thermal
power plant and peaking boiler. Nevertheless, most heat users following the policy of measuring
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charge adopted the way of self-regulation, which results in larger fluctuation of thermal load and
more obvious peak valley difference [2]. Some measures, such as adding units in the power plant
and installing load adjustment boiler, were taken to meet the needs of heat users usually. However,
these mean increasing the investment of the system to a certain extent, and they cannot fundamentally
reduce the primary energy consumption and environmental pollution [3]. In addition, unable to be
completely utilized, the plant unit will give rise to energy waste since it unable to be effective in
the period of low heat consumption. Although the traditional operation mode of “power by heat”
improves the economy of the plant unit, it will create the phenomenon of “thermoelectric coupling”
and reduce the peak load regulation capacity of the plant unit.

Thermal energy storage (TES) is crucial to conserve and utilize energy efficiently, deal with
mismatch between demand and supply, and enhance the performance and reliability of our current
energy systems [4—6]. Setting hot water storage tank (HWST) in cogeneration can effectively bridge the
gap between the heat supply and demand, increase the peak load regulation capacity of the plant unit,
realize thermoelectric decoupling, and reduce primary energy consumption [7-9]. Most of the thermal
power plants in Denmark use this technology to adjust the peak load and fill the valley. And this
technology has become an important means to realize its 100% renewable energy system in the future
and has attracted the attention of European countries [10-14].

There are many experimental and theoretical studies to investigate the technology of HWST at
home and abroad. Wang et al. [15] designed a water single-tank thermocline thermal energy storage
(TES) experimental system and simulated the dynamic characteristics of thermal storage/release
process of thermocline in a small HWST. The heat release efficiency of different heat storage/release
temperature and the change of the inclined temperature layer in different initial states were obtained.
William P. Bahnfleth et al. [16,17] calculated the cylindrical water tank with octagonal water distributor
through numerical simulation and experimental research and obtained the result of temperature
stratification in the water tank. Abdelhak [18] studied the influence of different positions of HWST
(horizontal/vertical) on temperature stratification and presented the numerical analysis for the two
structures. Research suggests that the circular current or vortex is prone to occur in the heat storage tank
with the horizontal structure. Savicki [19] carried out the numerical analysis to the three-dimensional
temperature field and the velocity field of the horizontal cylindrical heat storage tank, given the laminar
natural convection and the vertical stratification of temperature. The results show that a more effective
thermal stratification can be formed by choosing the location of the inlet jet properly. The influence of
the arrangement of the inlet and outlet, the flow velocity, and the placement mode on the inclined
temperature layer of HWST was studied and analyzed by Fernandez [20], which lay a foundation
for finding the best layout of entrances and exits. Chung et al. [21] focused on the geometric shape
of the water distributor, adopted a three-dimensional unsteady calculation model to calculate and
compare the effect of water distributor with two different shapes on the stratification of water tank,
and concluded that Reynolds number is the main factor affecting the stratification effect. The analysis
model of different working condition group was established with a cylindrical tank in vehicles with a
horizontal hole distribution of bilateral, and the influence of the number of openings and the diameter
of the opener, the diameter of the water distributor, and the ratio of height to diameter of the tank
on the heat release performance of the regenerator was studied by Ge Zhihua [22]. The results show
that there is a coupling relationship between the thickness of the thermocline and the flow velocity of
the hole.

The performance of the HWST is predominantly determined by storage loss and storage time.
The storage loss of the HWST mainly includes: (1) The heat loss caused by the contact and mixing
of cold and hot water at the inclined temperature layer inside the HWST; (2) the heat transfer loss
caused by water flow and tank body; and (3) the convective heat transfer loss between tank wall
and surrounding air. The former is related to the uniformity of the inlet flow after passing through
the distributor, and the latter two are mainly related to the surface temperature and heat storage
time of the tank body. Therefore, in order to achieve the best heat storage and release performance,
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the influence of length diameter ratio (L/D), water supply temperature, water supply flow and the
orifice diameter and number of water distributor on the flow uniformity, and heat storage efficiency of
HWST should be comprehensively considered. In the above context, the flow uniformity and heat
storage performance of the large-capacity HWST of actual thermal power unit in China were studied in
this paper. Through the control variable method, the heat storage tanks with different length diameter
ratio (L/D), water supply temperature, water supply flow and the orifice diameter, and number of
water distributor were modeled, and the velocity and temperature field were analyzed. The research
results can provide some engineering guidance for the application of large heat storage tanks in the
cogeneration unit and the adjustment of heating flexibility.

2. Mathematical Model

2.1. Physical Model

In this paper, a thermal power unit HWST in China was taken as an example to analyze the
performance of the HWST under different conditions. The basic device of the HWST is shown in
Figure 1. This tank has a diameter of 22 m, a height of 25 m, a volume of 10,000 m3, an effective volume
of 8000 m3, and operates under normal pressure. The water distributor is a split type water distributor.
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Figure 1. Basic installation diagram of hot water storage tank (HWST). 1—tank body, 2—hot water
inlet/outlet pipe, 3—cold water inlet/outlet pipe, 4—upper water distributor, 5—lower water distributor,
6—overflow pipe, 7—safety valve exhaust, 8—air intake, 9—hot water pump, 10—cold water pump,
11—scale removal device, 12—drain valve, 13—sewage pump.

2.2. Geometric and Mathematical Model

Numerical simulation analysis was carried out for the above HWST, and its geometric model was
established as given in Figure 2. In order to simplify the calculation, the following assumptions are
made for the geometric model of HWST under the premise of ensuring reliability:

(1) The HWST is regarded as a closed cylinder with the arc design of the top of the HWST ignored.

(2) The wall is supposed insulate as the surface heat loss caused by the convection heat transfer
between the tank wall and the outside air can be ignored with the multi-layer insulation
chamber equipped.

(3) The volume of thermal insulation chamber is ignored.

(4) The flow in the distributor has little effect on the flow in the HWST since its diameter is very
small compared with the HWST, so the distributor is simplified as a circular opening.

(5) The external force and internal heat source inside the tank are ignored.

(6) The scale removal device in the tank is ignored since it stops running when the heat storage tank
is in normal operation.
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(7) Assuming that the thermophysical parameters of the fluid in the tank do not change with
temperature except density.

Figure 2. Geometric model of the HWST.

The upper water distributor is as close to the tank top as possible, and the lower water distributor
is as close to the tank bottom as possible. When the heat storage tank system accumulates heat, the hot
water flows in evenly from the upper distributor, and the cold water in the tank is discharged stably
from the lower distributor. Then, a stable temperature interlayer, namely the inclined temperature layer,
will be formed due to the density difference between the cold and hot water and the uniform water
distribution function of the water distributor. In the process of heat storage, the inclined temperature
layer gradually drops in the tank until it disappears. At this time, the tank is full of hot water, and the
heat storage process is completed.

Based on the physical model studied in this paper, the flow at the inlet of the HWST is an
incompressible three-dimensional transient turbulence. The whole simulation process meets the
requirements of mass conservation (continuity equation), energy conservation, and momentum
conservation. The specific formula is as follows:

Mass conservation equation:
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where u, v, w, are velocity components in X, y, z directions, respectively, p is the fluid pressure, u is
the dynamic viscosity of fluid, T is the temperature of the HWST at a certain time of operation, A is
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the thermal conductivity of the fluid, and @ is the dissipation function. The above three conservation
equations are discretized reasonably, and then the detailed thermal characteristics of the HWST can be
obtained by numerical simulation.

The meaning and value of physical parameters in the calculation process are shown in Table 1.
The simulation process is an unsteady process, the inlet of the HWST was set as velocity inlet, and the
temperature was set to the actual inlet fluid temperature. The tank outlet was set as the free outlet
(outflow), and the shell of the tank was set as the adiabatic boundary condition. The inlet velocity was

calculated by Equation (1).
9
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Table 1. Value of calculation parameters.

Detail Value
Diameter D/m 22
Height H/m 25

Density of water p/(kg/m3) Boussinesq’s hypothesis
Heat capacity cp/(k]/(kg-K)) 4.182
Viscosity p/kg/(m-s) 1.003 x 1073

Thermal conductivity A/W/(m-K) 0.6
Orifice number n 30

Water supply flow g/t/h 2500
Orifice diameter d/mm 528
Initial cold water temperature ty/°C 60
Inlet hot water temperature t1/°C 98

FLUENT software was used to solve the control equation. The incompressible 3D Transient
turbulence model was used in the simulation. In order to improve the accuracy of turbulent flow
calculation, the standard k—¢ model was used in this paper. PISO (Pressure-Implicit with Splitting of
Operators) was selected as the treatment method of pressure-velocity coupling. The discrete format
of pressure space is PRESTO, the spatial discretization scheme of momentum equation and energy
equation is the second-order upwind difference scheme, and the iterative convergence residual value
of each parameter is 10=2. The time step was set to 0.01 s after several trials.

2.3. Validation

The whole computational domain was meshed with tetrahedral-unstructured cells, and the number
of grids is 704,158, 1,626,119, and 2,144,272, respectively. Through numerical calculation, when the
heat storage time is 4 h, the average outlet temperature is 362.55 K, 366.01 K, and 366.39 K, respectively.
That the change rate of the latter two is only 0.1% can be considered in that the average outlet
temperature will not change significantly when the grid numbers exceeds 1,626,119, which indicates
that the grid numbers have met the reliability of the calculation results. Therefore, the model with
grid numbers of 1,626,119, considering the accuracy and time of the calculation, was used to study the
characteristics of the HWST.

In order to ensure the accuracy of the numerical calculation results, the numerical simulation
results are compared with the actual operation conditions of the thermal storage tank in the power
plant. Figure 3 shows the model validation analysis diagram. No. 1,4, 5, 6, and 7 are the comparison
results of simulated value and actual value during heat storage under the corresponding condition
in Figure 3. Compared with the actual value and simulation value, all the errors are within 5%.
The results show that the calculation model has high reliability and accuracy and can reflect the heat
storage/release characteristics of the HWST correctly. Therefore, the model can be used for further
research on the heat storage tank.
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Figure 3. Diagram of model validation analysis.
2.4. Variable Condition

For this paper, the influence of various factors, including the length diameter ratio, water supply
temperature, and water supply flow, as well as the orifice diameter and number of water distributor,
on the flow uniformity and performance of the HWST was investigated, and the specific parameters in
the simulation are shown in Table 2.

Table 2. Simulation parameters of variable conditions.

Parameters
Serial
Number Length Diameter Water Supply ~ Water Supply Orifice Orifice
Ratio(L/D) Temperature/°C Flow/t/h Diameter/mm  Number
1 1.14 98 2500 528 30
2 1.51 98 2500 528 30
3 2.08 98 2500 528 30
4 1.14 85 2500 528 30
5 1.14 90 2500 528 30
6 1.14 98 2000 528 30
7 1.14 98 3000 528 30
8 1.14 98 2500 700 30
9 1.14 98 2500 900 30
10 1.14 98 2500 528 42
11 1.14 98 2500 528 54

3. Results and Discussion

3.1. Heat Storage Efficiency

The main factors that affect the heat storage efficiency of heat storage tank are the heat loss caused
by the heat dissipation of heat storage tank to surrounding environment, the mixing of cold and hot
water in the inclined temperature layer and its internal heat conduction. For this paper, the heat storage
efficiency was mainly used to measure the amount of heat that the tank loses to the outside world.

The heat loss caused by heat dissipation of heat storage tank to surrounding environment (Qs) is
calculated by Formula (2):

Qs = aVo(T) = Ta). @)

Then, the heat storage efficiency formula of heat storage tank in a heat storage cycle can be
calculated from Formula (3):

Qst
Q 7
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where V), Ty, T are the volume, the surface temperature, and one heat storage cycle time of the heat
storage tank, respectively. T is the ambient temperature and « is the heat loss coefficient. The value is
0.16 KJ/(m? s °C). The heat storage capacity (Q) of the HWST can be calculated from Formula (4):

. pCPV(Th - Tc)

’ 4
3.6 x 106 @

where V is the effective volume of heat storage tank, T} is the temperature of hot water in the
tank, and T, is the temperature of cold water in the tank. When the heat storage tank is full of hot
water, the heat storage capacity of the tank reaches the maximum value. According to Formula (4),
the maximum effective heat storage capacity is 353.15 mWh. From Formula (3), in order to improve the
thermal efficiency of the heat storage tank, not only necessary insulation measures should be taken for
the tank body, but also the heat storage time can be reduced. Reducing the heat storage time, that is,
increasing the heat storage times of the heat storage tank in the effective time, can reduce the heat
loss coefficient and improve the heat storage efficiency. Figure 4 shows the simulation results of the
change of average outlet water temperature with the heat storage time under different conditions.
It can be found that the overall trend of outlet temperature is constant at first and then gradually
increases with time in the process of heat storage. When the cold water inside the tank is completely
discharged, the outlet temperature tends to be constant. According to Formulas (2)—(4), the calculation
results of heat storage efficiency of the HWST under different conditions are shown in Table 3. It can be
observed that increasing the length diameter ratio will lead to the increase of heat storage time in the
case of a certain volume, thus increasing the heat dissipation and reducing the heat storage efficiency.
The increase of water supply temperature will lead to increasing water temperature difference between
supply and return water when the return water temperature is constant, which not only increases
the heat storage time and heat loss but also increases the heat storage capacity of the heat storage
tank. However, the increasing proportion of heat storage capacity is greater than the heat loss, so the
heat storage efficiency is improved. Furthermore, the increase of water supply flow rate increases the
inflow velocity, thus shortening the overall heat storage time, reducing the heat loss to the external
environment and improving the heat storage efficiency. Besides, the heat storage time can be shortened,
and the heat storage efficiency can be improved, by properly increasing the orifice diameter and the
orifice number of water distributor. Therefore, on the premise of ensuring the manufacturing feasibility
of the water separator, the pore diameter and the number of openings can be appropriately increased
in practical application.

w
oy
&

Average outlet temperature/K

330 1 1 1 1 1 1 1 1
0 5000 10,000 15,000 20,000 25,000 30,000 35,000 40,000 45,000

Time of heat storage/s

Figure 4. Performance of HWST under different conditions.
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Table 3. The calculation results of heat storage efficiency of the HWST under different conditions.

Serial Number 1 2 3 4 5 6 7 8 9 10 11

The heat storage

iy 99.73  99.68 99.61 99.67 99.70 99.66 99.79 99.74 99.77 99.75 99.78
efficiency/%

3.2. Velocity Field Variation and Flow Uniformity

In the process of heat storage in the HWST, hot water enters the tank through the upper water
distributor, while cold water flows out through the lower water distributor. The flow of hot/cold water
inside the HWST will affect the formation of the inclined temperature layer, so it is very important to
know the change of velocity field inside the HWST.

Figure 5 shows the velocity streamline diagram of symmetry plane under same water supply flow
(2500 t/h). It can be seen that there is an annular flow under the inlet distributor and near the wall.
With the development of the heat storage process, the annular flow under the distributor becomes
less and less obvious, while the annular flow near the wall becomes larger and larger. In the initial
stage, the formation of annular flow is due to the collision between a downward motion generated by
the momentum of water flow at the entrance and an upward motion caused by thermal disturbance
between the upper and lower water layers. With the heat storage time going on, the annular flow
under the water distributor gradually decreases, and the flow uniformity becomes better and better.
After forming a stable thermocline layer, the water flow will flow downward.
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Figure 5. Velocity streamline diagram of symmetry plane under same water supply flow (2500 t/h).
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The change of velocity field at the distance of 2 m from the entrance was investigated when the
heat storage time is 700 s under different factors, as shown in Figure 6. It is found that all factors have
obvious influence on the velocity field at the inlet of HWST except for the water supply temperature.
The disturbance of water flow will affect the temperature stratification in the tank. In order to form a
good and stable temperature layer, it is necessary to ensure the flow uniformity of each section under
the distributor and the smaller inlet velocity. The flow uniformity percentage (E) refers to the ratio
of the area of average velocity (Sg) to the total area (S) of a certain section of the HWST, which was
calculated by Equation (5).

E = %« 100% = 25E

3 ﬁ X 100%. (5)
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Figure 6. Velocity field affected by different factors.

The average velocity here refers to the average velocity of a cross section simulated by fluent,
and its area can be obtained by post-processing the velocity simulation data by Tecplot software. Table 4
is a comparative analysis of the calculation results of the influence of different factors on the flow
uniformity of the HWST at the distance of 2 m from the entrance. From that, the flow uniformity of the
HWST can be improved by properly increasing the I/D, reducing the water supply flow, and increasing
the orifice diameter and the orifice number of the water distributor. And the flow uniformity of the
HWST changes little under different water supply temperatures, which implies that the water supply
temperature does not affect the flow uniformity in the HWST.

Table 4. Comparative analysis of the calculation results of the influence of different factors on the flow

uniformity of the HWST.
Serial Number 1 2 3 4 5 6 7 8 9 10 11
The flow
uniformity 19.04 21.08 2791 1885 18.85 39.73 1748 2434 2855 2742 27.82
percentage/%

3.3. The Distribution of Temperature Field

Figures 7 and 8 show the simulation cloud chart of temperature change of HWST under different
factors when the storage time is 100 s and 300 s, respectively. The results show that the length diameter



Energies 2020, 13, 4734 10 of 14

ratio, water supply temperature, water supply flow and the orifice diameter, and number of water
distributor will affect the temperature field in the HWST. When the storage time is 100 s, the length
diameter ratio and water supply temperature have no obvious effect on the mixing of cold and hot water
in the HWST, while the water supply flow and the orifice diameter and number of water distributor
have a strong impact on the mixing of cold and hot water. With the increase of heat storage time,
the influence of various factors on the mixing and stratification of hot and cold water in the HWST
becomes more and more obvious. With the increase of length diameter ratio, water supply temperature,
water flow rate and the orifice diameter, and number of water distributor, the mixing time of hot and
cold water in the HWST was shortened, and the formation speed of obvious stratification of hot and

cold water increases.
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Figure 7. Temperature nephogram under different factors when the heat storage time is 100 s.
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Figure 8. Temperature nephogram under different factors when the heat storage time is 300 s.

3.4. Exergy Analysis

In order to describe the available heat loss caused by the mixing of hot and cold water and heat
conduction, the non-dimensional exergy loss form is introduced here. The non-dimensional exergy

loss can be defined as [23]:
E- Emix

Est — Emix ’
where E, E,;;y, and Eg; represent the transient exergy of natural stratification, complete mixing, and
complete stratification of cold and hot water in the HWST, respectively. Considering both density and

c¢=1- (6)
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specific heat constant, the instantaneous exergy difference between natural stratification and complete
mixing can be evaluated as:

E- Emix: CP K_T - Tmix) - TO h'l(%/Tmix)]pV/ (7)

where T and T represent the average volume temperature and the equivalent temperature in a naturally
stratified tank, respectively, which are evaluated as follows:

= 1
T=3), TV ®)
cv
and 1
T= exp[vz ViInTj] )
co

Similarly, the instantaneous exergy difference between complete stratification and complete
mixing can be evaluated as:

E- Emix: Cp[(Tst - Tmix) - TO 1n(Tst/Tmix)]PVr (10)

where Ty and T;t are evaluated as follows:

— 1
Tst = VZ Tst,iVir (11)
cU
~ 1
To= exp[vz ViInTy ). (12)
cvU

Figure 9 shows the calculation results of non-dimensional exergy loss (C). In the early stage of
heat storage/release, the cold and hot water mix strongly, and the actual value in the tank is closer to
the complete mixing state, so the non-dimensional exergy loss is large. However, with the evolution
of heat storage time, the temperature difference between the inlet water flow and the water in the
tank gradually disappears. At this time, the decrease speed of the overall exergy value gradually
slows down, indicating that the actual stratification state has been reached. In the later stage of heat
storage/release, the thermocline gradually moved closer to the lower distributor, and the value of
non-dimensional exergy loss began to increase. The disturbance of outlet water flow on the thermocline
gradually increased, and the actual stratification state began to approach the fully mixed state until the
thermocline was completely discharged. The larger the water supply flow and the orifice diameter
and number of water distributor, the greater the non-dimensional exergy loss in the initial stage of
heat storage/release. There is a coupling relationship between non-dimensional exergy loss and flow
uniformity at the initial stage of heat storage and release here. In the initial stage of heat storage and
release, the larger the non-dimensional exergy loss, the more serious the mixing of hot and cold water
is, the better the flow uniformity is, and the faster the stratification of hot and cold water is. Therefore,
the heat storage efficiency, flow uniformity, and non-dimensional exergy loss should be considered
comprehensively to select the appropriate water supply flow and the orifice diameter and number of
water distributor in practical application.
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Figure 9. The calculation results of non-dimensional exergy loss.

4. Conclusions

Hot water heat storage technology can make the system realize thermoelectric decoupling, so as

to meet the demand of external heat load, improve energy utilization and reduce environmental

pollution, so its development prospect is relatively broad. In order to master the heat storage and
release characteristics of hot water heat storage technology and better guide the design and application
of hot water heat storage tank in practical engineering, the flow field and temperature field of the
HWST with water distributor were simulated, and the heat storage characteristics of the HWST under
different factors were studied. The main conclusions are as follows:

1)

)]

4)

Although increasing the length diameter ratio properly can improve the flow uniformity in the
HWSGT, it will lead to the prolongation of the heat storage time and reduce the heat storage efficiency.
Although the water supply temperature has no obvious effect on the fluid flow uniformity in
the HWST, it will affect the stratification speed of hot and cold water with heat storage time
increasing. In addition, the heat storage capacity and heat storage efficiency of the HWST will be
improved by properly increasing the water supply temperature.

Increasing the water supply flow and the orifice diameter and number of water distributor will
increase the flow uniformity and the heat storage efficiency of the HWST.

Through comprehensive observation of the non-dimensional exergy loss calculation results,
velocity field and temperature field, the water supply flow and the orifice diameter, and number
of water distributor have great influence on the disturbance between hot and cold water in
the initial stage of heat storage and release. With the increase of water supply flow and the
orifice diameter and number of water distributor, the mixing speed of cold and hot water is
accelerated, and then the non-dimensional exergy loss increases. Besides, there is a certain
coupling relationship between the non-dimensional exergy loss and flow uniformity at the initial
stage of heat storage and release. In the initial stage of heat storage and release, the larger the
non-dimensional exergy loss, the more serious the mixing of hot and cold water is, the better the
flow uniformity is, and the faster the stratification of hot and cold water is.
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Nomenclature

8 Q= oNR R -

Operation time of heat storage tank, h;

Transverse distance of the HWST at a certain time, m;

Longitudinal distance of the HWST at a certain time, m;

Vertical distance of the HWST at a certain time, m;

Transverse velocity of the HWST at a certain time, m/s;

Longitudinal velocity of the HWST at a certain time, m/s;

Flow velocity in the vertical direction of the HWST at a certain time, m/s;

wop Rated vertical flow rate of HWST operation, m/s;

T One cycle time of the heat storage tank, s;

p Pressure, Pa;

R Bottom radius of heat storage tank, m;

T Temperature of the HWST at a certain time of operation, °C;

T, Hot water temperature of the HWST at a certain time, °C;

T. Cold water temperature of the HWST at a certain time, °C;

cp  Specific heat capacity of water at constant pressure, kJ/(kg - K)

Vo  The volume of heat storage tank, m3;

n  The heat storage efficiency

T;  The outlet temperature, K;

H  Height of heat storage tank, m;

T, Hot water temperature of the HWST at a certain time, °C;

Q  Heat storage capacity of the heat storage tank, mWh;

V' The effective volume of heat storage tank, mS;

a The heat loss coefficient, kJ/ (m? s °C);

T, The ambient temperature, °C;

Ty, The surface temperature of the heat storage tank, °C;

q The mass flow of the fluid entering the heat storage tank, t/h;

n The orifice number of water distributor;

C The non-dimensional exergy;
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