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Abstract: Electrical energy is the highest energetic cost in recirculation aquaponic systems (RASs),
especially for fish-tank water. Therefore, reducing energy consumption is one of the challenges in
developing RAS models. In this study, eleven experimental setups, based on numerical models from
an earlier investigator, were built to investigate. Among them, three additional cases (cases 9–11)
investigated the transient discharging energy efficiency of thermal energy storage (TES). Cases 9–11
considered three temperature levels, namely, 65–75 ◦C, 71–81 ◦C, and 81–87 ◦C, with a mass flow rate
of 0.166 kg/s. The results show that when heating 3.4 m3 of fish tank water from 24.5 ◦C to 28 ◦C,
the average temperature error of the tank water was between 1.2% and 3.4%. The difference in the
heat transfer rate was within ±4.2%. The error in the thermal efficiency was below 8.0%. The error
range of the total required thermal energy was from 6.4% to 11.5%. Cases 9–11 used 5.6%, 6.4%,
and 7.2% of the thermal energy of the TES tank, respectively. The electrical energy consumption was
low compared to the thermal energy of the fish tank water received from the TES unit. Therefore,
the proposed low-energy-consumption heating method can replace electric heaters.

Keywords: recirculating aquaponic system; helically coiled heat exchangers; thermal energy storage;
water heating; renewable energy sources

1. Introduction

Optimal recirculating aquaponic systems (RASs) have the potential to significantly reduce the
use of water and land resources and increase environmental and economic feasibility for food
production [1–6]. However, electrical energy is the highest energetic cost for food production of current
RASs (especially heating), and the reduction of energy consumption is one of the main challenges for
aquaponics [3,7]. Badiola et al. [8] studied energy resources in RASs. The results indicated that fossil
fuel energy consumption ranged from 8.1 kWh to 81.48 kWh to produce 1.0 kg of fish. However, in the
actual RAS of Delaide et al. [9], the production of 1 kg of vegetables and tilapia consumed 84.5 kWh
and 96.2 kWh, respectively. Water heating consumed the most electricity; it accounted for 57% of the
daily consumption for 0.76 m3 of fish tank water. The results from a report by Love et al. [10] also
showed that the most significant uses of electricity were in-tank water heaters; an average of 56 kWh
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and 159 kWh of electricity was needed to produce 1 kg of crops and tilapia, respectively. The high energy
requirement of RAS increases both operational costs and the potential impacts created by the use of
fossil fuels. The use of fossil fuels is not only a problem related to the global warming that is happening
due to emissions of carbon dioxide CO2 but also an environmental concern as it causes air pollution,
acid precipitation, ozone depletion, forest destruction, emission of radioactive substances [11,12],
and continuous depletion of fossil fuels worldwide [13]. With the current state of the world’s resources,
energy is a major consideration for sustainable aquaculture practices [14] and using renewable energy
sources (RES) in RAS should be prioritized to reduce electricity consumption and environmental
impact [3]. Therefore, to solve this problem, a low-energy-consumption heating method for RAS was
proposed by Le et al. [15]. In their study, they reported a novel heating method that uses a combination
of helically coiled heat exchangers (HCHEs) and thermal energy storage (TES) units to replace the
electric heater. The goal of the heating method was to heat the tank water from 24.5 ◦C to less than 30 ◦C.
An average temperature level of 28 ◦C is suitable for optimal fish growth; therefore, this temperature
level was chosen for the calculation and analysis of the heating model. A computational fluid dynamics
(CFD) approach was adopted for transient analysis and inspection of the HCHE model considering eight
cases (from case 1–8) with four temperature levels (55 ◦C, 60 ◦C, 70 ◦C, and 80 ◦C) and three mass flow
rates (0.166 kg/s, 0.249 kg/s, and 0.332 kg/s). The results showed that the temperature distribution of the
water in the fish tank, from 26.7 ◦C to 30.0 ◦C, was suitable for maintaining the health of warm-water
fish and had high thermal efficiency ranges of 57.5–76.1%. However, the results obtained from the
simulation model have not been verified experimentally. Moreover, TES applications overcome any
conflicts between energy generation and use in terms of time, temperature, power, or location [16].
A variety of TES tanks have been extensively used in actual applications [17–24], but the integration
of TES tanks in RASs is scarce. Therefore, an experimental setup for verifying the reliability of the
developed numerical results was necessary.

Accordingly, the purpose of this study was to confirm the results of the numerical model published
by Le et al. [15]. The validation of the analyzed numerical model was carried out using an experimental
setup that was built similarly to theirs. In this study, eleven experimental setups were built to
investigate. Among them, the experimental results from case 1–8 were the first to be compared to those
of Le et al. [15], specifically the temperature fields of the liquid in the helically coiled tubes (HCTs)
and fish tank, heat transfer rates, and thermal efficiency of the HCHE model. Three additional cases
(from case 9–11) were studied further and compared to the analyzed numerical model to investigate
the transient discharging energy efficiency of the TES tank. This study considered three temperature
levels—namely, 65–75 ◦C, 71–81 ◦C, and 81–87 ◦C—with a mass flow rate of 0.166 kg/s. Before
carrying out the numerical simulation for the three additional cases, the cases’ experimental modes
were validated.

The remainder of this paper is organized as follows. In Section 2, we introduce the experimental
setups for the heat exchanger model in the fish tank. This is followed by a description of the
operating conditions, three additional cases, and the methodology used. The next section presents
the experimental results and compares them with those of the available numerical results. Finally,
the conclusions and directions for further research are summarized.

2. Numerical Modelling

Three additional cases (9–11) were studied further to investigate the transient discharging energy
efficiency of the TES tank. Before performing the numerical simulation, the experimental modes
were validated. To simulate cases 9–11, the simulation model, numerical solution method, boundary
conditions, and mesh result were used, which was similar to a previous report [15].

2.1. Simulation Model

The 3D model and schematic of the HCT inside the fish tank are shown in Figure 1. The geometric
dimensions of the HCT are listed in Table 1. In this model, the geometry of the tank and HCT were
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created in Solid Edge, and the mesh was created using the FLUENT 17 package of ANSYS ICEM CFD.
The model volume was 3.4 m3 (0.75 m height × 2.4 m diameter; volume = 0.75 × 3.14 × (1.2)2 = 3.4 m3),
and this configuration was similar to that of the actual fish tank in the RAS.
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Figure 1. (a) Simulation model and (b) schematic of the helically coiled tube (HCT) inside the fish
tank [15].

The test points were used to measure the temperature of the hot liquid at the inlet, outlet, and 1, 2,
3, and 4 turns of the HCT. There were 24 test points for the water temperature in the fish tank (P1–P24),
and these test points were divided into three layers with heights of 100 mm, 350 mm, and 600 mm.
Each layer had eight test points with a distance of 300 mm between them, as shown in Figure 2.
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Table 1. Geometry dimension of the HCT [15].

Parameter Value

Coils diameter, D (m) 2.1
Tube inner diameter, do (mm) 20
Tube outer diameter, di (mm) 19.4
Tube pitch, P (mm) 130
Curvature ratio, δ (do/D) 0.0095
Number of turns, N 5
Tube length, L (m) 34
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2.2. Grid Generation

The optimum mesh chosen for the analysis consisted of 8,107,644 cells and 4,092,668 nodes.
Unstructured (block-structured) non-uniform grids were used to mesh the fluid volume and boundary
layer. The grid was generated with tetrahedral and hexahedral cells. The structural details of the mesh
in the HCT and fish tank models are shown in Figure 3.
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2.3. Numerical Solution Method

The standard k−εmodel was adopted to describe the turbulent flow, and the near-wall region was
solved using standard wall functions. The pressure–velocity coupling was achieved by the SIMPLE
algorithm. A second-order upwind scheme was adopted for the discretization of the momentum,
turbulent kinetic energy, turbulent dissipation rate, and energy equations. The convergence criterion,
based on the relative convergence criterion, was 10−6 for the energy equation and 10−4 for the other
variables. The following values were assigned to the empirical constants for the turbulence model:
Cµ = 0.09, C1ε = 1.44, C2ε = 1.92, σk = 1.0, and σε =1.3.

2.4. Boundary Conditions

The tube material was grade 304 stainless steel, whose thermal conductivity is 16.2 W/m·K,
specific heat is 500 J/kg·K, and density is 8000 kg/m3. The liquids at the inlet of the HCT and tank
were used as a mass flow inlet boundary condition. At the outlet, zero pressure conditions were
considered. The water volume in the tank was 3.4 m3 with a recirculating water flow of 0.930 kg/s,
and the temperature inlet was maintained at 24.5 ◦C.

To accurately model the temperature-dependent properties, the density (ρ), specific heat (Cp),
thermal conductivity (k), and viscosity (µ) of the liquid were not assumed to be constant. They were
solved with the liquid properties evaluated at the cell temperatures in the CFD code by the following
polynomials [25]:

ρ(T) = −1.5629e − 5T3 + 0.011778T2
− 3.0726T + 1227.8 (1)

Cp(T) = 1.1105e − 5T3
− 0.0031078T2

− 1.478T + 4631.9 (2)

k(T) = 1.5362e − 8T3 − 2.261e−5T2 + 0.010879T − 1.0294 (3)

µ(T) = 2.1897e − 11T4 − 3.055e − 8T3 + 1.6028e − 5T2 − 0.0037524T + 0.33158 (4)

Three additional cases (9–11) were considered with three temperature levels (65–75 ◦C, 71–81 ◦C,
and 81–87 ◦C), with a mass flow rate of 0.166 kg/s. The difference between the initial temperature
and the final temperature of the hot liquid into the HCT changed significantly (over 6 ◦C) (Figure 4),
which could have affected the thermal behavior and the numerical simulation results. Therefore, to
solve the temperature inlet boundary conditions of the fluid into the HCT for the numerical model
according to the experimental circumstances, the polynomial functions of Equations (5)–(7) of the
temperature inlet was used through user-defined functions corresponding to cases 9–11:

Th_in (T) = (349.729438 + 24.785672 t0.5 + 0.043197t)/(1 + 0.066524t0.5 + 0.000172t) (5)
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Th_in (T) = (337.534952 + 35.687073t0.5 + 0.159733t)/(1 + 0.096203t0.5 + 0.000589t) (6)

Th_in (T) = (324.407198 + 40.690624t0.5 + 0.490905t)/(1 + 0.110679t0.5 + 0.001599t) (7)
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3. Experimental Setup

3.1. Thermal Energy Storage Tank

Experimental validation was carried out at the experimental farm of the China Agricultural
University and EU INAPRO project, located in Shouguang City (latitude 36◦51′ N, longitude 118◦51′ E),
Shandong Province, China. The TES tank was supplied by a combination of solar thermal and air
source heat pumps (Figure 5). A centrifugal pump (HP1) was used to pump the recirculating hot water
between the solar collectors and TES tank, and the mass flow rate was controlled by a flow valve
(FV1) to set the desired temperature of the TES tank. A TES tank with a size of 2.4 m height × 1.5 m
diameter was constructed using three layers. The inner layer was a grade 304 stainless steel plate with
a thickness of 0.65 mm. The middle layer was 5-cm-thick glass wool insulation. The outer layer was a
grade 202 stainless steel plate with a thickness of 0.5 mm. The TES tank had a water volume of 3.08 m3

(2.0 m height × 1.4 m diameter; volume = 2.0 × 3.14 × (0.7)2 = 3.08 m3). A flow sensor (FS1) was used
to measure the mass flow rate of the recirculating hot water (Figure 5a).
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Three temperature sensors (ST1–ST3) were fixed in the middle of the storage tank at heights of
0.3 m, 1.0 m, and 1.7 m to measure the average temperature of the hot water in the TES tank. The solar
collector had 300 tubes, with each tube having a length of 1800 mm and a diameter of 58 mm. The total
absorption area of the solar collectors was 43.2 m2 (Figure 5b).

3.2. Helically Coiled Heat Exchanger

The HCT was connected to recirculating hot water in the TES tank by a polypropylene random
copolymer pipe through a centrifugal pump (HP2). The experimental setups (the geometric dimensions
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and operational modes) were built similarly to the numerical model analyzed by Le et al. [15] to
validate the results of the numerical model, as follows:

• The geometric dimensions of the HCT and fish tank are similar to those of the simulation model, as
shown in Figure 1b and listed in Table 1. The water level in the cylindrical tank was maintained at
a depth of 0.75 m by the overflow pipe to maintain a water volume of 3.4 m3, with a recirculating
water flow of approximately 0.930 kg/s. The nozzle supplying the water into the fish tank was
positioned at a 45◦ angle above the water surface.

• Six temperature sensors, T1–T6, were used to measure temperature for the hot liquid inlet, 1 turn,
2 turns, 3 turns, 4 turns, and the outlet of the HCT. The temperature sensors were inserted into
the HCT through the probe. Temperature sensor T7 was used to measure temperature for the
water inlet of the fish tank, and an additional sensor was used to measure the environmental
temperature, as shown in Figure 6.
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• A total of 24 temperature sensors (P1–P24) were fixed at the same distances as the test points of the
CFD model, and the measurement results were used to calculate the average water temperature
in the fish tank, as shown in Figures 2 and 7.

Energies 2019, 12, x FOR PEER REVIEW  6 of 20 

solar collector had 300 tubes, with each tube having a length of 1800 mm and a diameter of 58 mm. 

The total absorption area of the solar collectors was 43.2 m2 (Figure 5b). 

3.2. Helically Coiled Heat Exchanger 

The HCT was  connected  to  recirculating hot water  in  the TES  tank by  a polypropylene  random 

copolymer  pipe  through  a  centrifugal  pump  (HP2).  The  experimental  setups  (the  geometric 

dimensions and operational modes) were built similarly to the numerical model analyzed by Le et 

al. [15] to validate the results of the numerical model, as follows: 

 The  geometric  dimensions  of  the HCT  and  fish  tank  are  similar  to  those  of  the  simulation

model, as shown in Figure 1b and listed in Table 1. The water level in the cylindrical tank was

maintained at a depth of 0.75 m by  the overflow pipe  to maintain a water volume of 3.4 m3,

with a  recirculating water  flow of approximately 0.930 kg/s. The nozzle  supplying  the water

into the fish tank was positioned at a 45° angle above the water surface.

 Six  temperature sensors, T1–T6, were used  to measure  temperature for  the hot  liquid  inlet, 1

turn,  2  turns,  3  turns,  4  turns,  and  the  outlet  of  the HCT.  The  temperature  sensors were

inserted  into  the  HCT  through  the  probe.  Temperature  sensor  T7  was  used  to  measure

temperature for the water inlet of the fish tank, and an additional sensor was used to measure

the environmental temperature, as shown in Figure 6.

Figure 6. Schematic of the heat exchanger between the fish tank and TES tank. 

 A total of 24 temperature sensors (P1–P24) were fixed at the same distances as the test points of

the  CFD  model,  and  the  measurement  results  were  used  to  calculate  the  average  water

temperature in the fish tank, as shown in Figures 2 and 7.

Figure 7. A photo of the experimental setup. 

 A flow meter (FM) and flow valve (FV2) were used to measure and control the liquid flow into

the HCT.  Similarly,  a  flow  sensor  (FS2)  and  flow  valve  (FV3) were  used  for  the  fish  tank

(Figure 3).

 The operation modes for the experiment are listed in Table 2. Among them, the results of cases

1–8 were analyzed and compared  to  those of Le et al.  [15]. Three additional cases 9–11 were

studied further to investigate the transient discharging energy efficiency of the TES tank. The

initial temperature for all the liquids of the HCHE was set to 24.5  0.5 °C.

Figure 7. A photo of the experimental setup.

• A flow meter (FM) and flow valve (FV2) were used to measure and control the liquid flow into the
HCT. Similarly, a flow sensor (FS2) and flow valve (FV3) were used for the fish tank (Figure 3).

• The operation modes for the experiment are listed in Table 2. Among them, the results of cases 1–8
were analyzed and compared to those of Le et al. [15]. Three additional cases 9–11 were studied
further to investigate the transient discharging energy efficiency of the TES tank. The initial
temperature for all the liquids of the HCHE was set to 24.5 ± 0.5 ◦C.
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Table 2. Operating conditions of hot water inlet for the heat exchanger.

Case Mass Flow Rate (Kg/s)
Temperature (◦C)

HP1 Mode
Simulation Experiment (±2%)

1 0.166
60 60

Turn on

2 0.249
3 0.332

4 0.166
70 705 0.249

6 0.332

7 0.166 80 80
8 0.249 55 54

9
0.166

81–87 81–87
Turn off10 71–81 71–81

11 65–75 65–75

3.3. Instrumentation

In this test system, the instrumentation consisted of a temperature sensor, water flow meter, flow
sensor, water pump, and data logger (Figure 8).
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• In the HCHE model, the experimental setup used 32 temperature sensors, including seven sensors
to test the temperature of the points from T1 to T7 (Figure 2), 24 sensors to measure the temperature
of the water in the fish tank (Figure 4), and one sensor to measure the environment temperature.
A waterproof digital temperature sensor was used, and it allowed for multi-sensor support over
the same 1-Wire bus [26]. The sensor has a resolution of 0.0625 ◦C (12 bits), operating temperature
range of −55 to +125 ◦C, and ±0.5 ◦C accuracy from −10 ◦C to +85 ◦C.

• A flow meter was used to measure the hot water flow rate of the HCT with a working temperature
range of −20 ◦C to 100 ◦C, flow rate range of 1–50 L/min, accuracy of 0.5%, and working pressure
≤4.0 MPa. The flow meter was installed according to the manufacturer’s recommendations
(horizontal).

• Two water flow sensors (Hall effect sensors) were used to measure the mass flow rate of the water
into the fish tank and solar collectors. The flow sensor has a range of 5–150 L/min, accuracy of
±3%, working pressure of ≤1.75 MPa, and working temperature range of −20 ◦C to 85 ◦C.

• Two centrifugal pumps were used to pump the circulating liquid of the HCHE and the solar
collectors. The pump model was a Wilo PH-101EH-200W from Shandong, China, and had an
electric power of 200 W and a maximum flow rate of 130 L/min at a rated head of 8 m.
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The measurements of the mass flow sensors and the temperature sensors were validated before the
experimental measurements were obtained. The temperature sensors were calibrated with a ±0.2 ◦C
accuracy from 0 ◦C to +90.0 ◦C. The resulting uncertainty of mass flow sensors was found to be ±5%
with a mass flow rate of 0.930 kg/s at a temperature of 25 ◦C.

3.4. Experimental Procedure

The experiments of this study were conducted under indoor conditions, and the environmental
temperature ranged between 25.0–32.0 ◦C. A large reservoir and submersible pump were used to
provide flow to the fish tank. The water in the fish tank was not circulated. Additional water was
continuously added to the reservoir; hence, the flow rate was not compromised.

To check the authenticity of the measurements from T1–T6 sensors, pump HP2 circulated water
in the HTC under three mass flow rates (0.166 kg/s, 0.249 kg/s, and 0.332 kg/s) at a temperature of
approximately 70 ◦C, while the fish tank did not contain water. The results showed that the maximum
error of temperature measured by the sensors was approximately 1.0 ◦C.

The temperature of the inlet water into the HCT from case 1 to case 8 was constant (Table 3),
so before turning on pump HP2, the water temperature of the TES tank was heated to the required
value. Then, the temperature levels of the hot water in the TES tank were maintained by pump HP1
turned on in parallel with pump HP2, and the flow rates into the solar collector modules were adjusted
by valve FV1 during the heat exchanger operation. In cases 9–11, pump HP1 was turned off during
the heat exchanger operation so we could investigate the transient discharging energy efficiency of
the TES tank. The objective of this study was to validate the results of the numerical model with an
experimental process that was used to heat the 3.4 m3 water in the fish tank from 24.5 ◦C to 28 ◦C.
The experiment stopped running when the average temperature of the water in the tank, as measured
by the 24 temperature sensors, was over 30 ◦C. The final results were obtained when the average
temperature of the tank water reached 28 ◦C.

Two separate runs at different times were carried out to evaluate the experimental data. All data
was recorded using an Arduino Mega 2560 R3 data acquisition module with a micro SD socket for data
storage and an LCD display for indication. The data recording interval was set to 30 s, and the results
were used for analysis in this study.

Table 3. Maximum error of the average water temperature in the tank, time to heat the tank water in
the computational fluid dynamics (CFD) model and experiment, and the time difference between the
two results for all cases.

Case
Maximum Error of
Temperature (%)

Heat Transfer Time (min)
Time Difference (min)

Simulation [15] Experiment
(Present Work)

1 2.3 70 62 8
2 2.5 47 41 6
3 3.2 37 33 4
4 3.1 46 41 5
5 3.6 32 29 3
6 3.4 26 23 3
7 3.0 36 32 4
8 2.4 62 57 5
9 2.0 31 28 3

10 3.0 38 35 3
11 1.3 48 43 5
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4. Mathematical Formalism

The heat transfer rate (Qhe) from the hot liquid in the HCT to the tank is calculated as follows:

Qhe(t) =

∫ the
0

.
mhCp(T hi − Tho

)
dt

the
(8)

where
.

mh is the mass flow rate of the hot liquid, Cp is the specific heat of the liquid, and Thi and Tho are the
inlet and outlet liquid temperatures of the HCT, respectively. Further, the is the heat transfer duration.

The heat transfer rate per unit length (U0) was calculated based on the length L of the HCT, which
is calculated as follows:

U0 =
Qhe
L

(9)

The basic equation for the usable heat transfer rate (Qt) delivered by the HCT to heat the volume
of water in the tank from 24.5 ◦C to 28 ◦C is given by Le et al. [15]:

Qt =
ρVtCp∆Tt

the
(10)

where ρ is the density of the water, Vt is the volume of water in the tank, and ∆Tt is the change between
the initial and final temperatures of water in the tank.

The thermal efficiency of the HCHE (ηhe) is the ratio between the usable heat transfer rate of water
in the tank and the heat transfer rate of the hot liquid in the HCT, and it can be calculated using the
following equation:

ηhe =
Qt

Qhe
(11)

The total thermal energy (QTES) is required for the heat transfer duration of the heat
exchanger model, and it was calculated based on Qhe and the as follows:

QTES = Qhethe (12)

The usable energy efficiency of the fish tank (ηusable) is the ratio between the accumulated energy
of the water in the tank (Qusable) and total thermal energy (QTES) as follows:

ηusable =
Qusable
QTES

=
Qtthe
QTES

(13)

The transient discharging energy efficiency (ηdi) of the TES tank is used to evaluate the heat
storage capacity of the TES tank, which is defined as the ratio of the QTES delivered from the HCHE to
the initial thermal energy stored in the TES tank (Qst) as follows:

ηdi(t) =
QTES

Qst(t = 0)
(14)

Qst(t = 0) = ρVstCpTst_in (15)

where Tst_in and Vst are the initial average temperature and the volume of the hot water in the TES
tank, respectively.

The electric energy consumption (Qe) of pump HP2 for the heat transfer duration of the
HCHE model is as follows:

Qe(t) =
∫ the

0
E2dt = E2the (16)

where E2 is the electric power of pump HP2.
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5. Results and Discussion

In this section, we describe the heat transfer process used to heat 3.4 m3 of fish tank water from
24.5 ◦C to 28 ◦C that was conducted for 11 cases, and the results that were calculated and analyzed.
The temperature fields for the water in the HCT and the fish tank, the heat transfer rates, and thermal
efficiency of the HCHE model in the present work were also compared to the numerical simulation
results obtained by Le et al. [15].

5.1. Temperature Field for Water in the HCT

To compare the results of the present work and the numerical simulation results obtained by
Le et al. [15] for hot liquid moves along the HCT, we chose cases 6, 7, and 8 to represent three
temperature levels (70 ◦C, 80 ◦C, and 54 ◦C, respectively) and three mass flow rates (0.332 kg/s,
0.166 kg/s, and 0.249 kg/s, respectively), as shown in Figure 9. The results showed that the difference
between the results in this study and the numerical simulation was the largest at the first turn of HTC
(3.7 ◦C for case 6, 2.8 ◦C for case 7, and 2.3 ◦C for case 8); the difference gradually decreased in the next
turn. These differences were attributed to the temperature sensors that were inserted into HCT via the
probe. The surface of the temperature sensor’s probe was exposed to the cold liquid in the fish tank;
therefore, the measured temperature result was lower than the actual value. Meanwhile, the test points
in the CFD model were obtain at cross sections of the liquid along the HCT; therefore, the temperature
of the cold liquid outside of the pipe did not affect the measurement results on the cross sections.
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The comparison of the predictions and the measurements for the liquid temperature at the outlet
of the HCT for all cases is shown in Figure 10. The simulation model provided an accurate prediction
of the temperature at the outlet of the HCT. The deviations between the predictions and experimental
results were within ±1.5 ◦C. The liquid temperature at the outlet of the HCT in the experiment was
slightly lower because the hot liquid in the HCT lost more heat, and the heat exchanger process of the
HCHE had a higher intensity than that in the simulation model. As observed in Figure 10, most of the
data is within an error of ±4.3%.
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Figure 10. Measured temperature against the predicted temperature for all cases.

5.2. Temperature Fields of Water in the Fish Tank

The average temperature of the water in the fish tank was measured at 24 points over time,
as shown in Figure 11. It can be seen that the data obtained from the experiment agrees with the
numerical simulation results. These curves were nonlinear functions for all cases and the deviations
of each result from the corresponding curve were highly correlated. The detailed results of the
temperature error range and time deviation of all cases are listed in Table 3.
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Figure 11. Comparison of the average temperature of the water in the tank in the experimental
and simulation results. Mass flow rate inlet of the HCT: (a) 0.166 kg/s, (b) 0.244 kg/s, and (c) 0.332 kg/s.

The time to heat the water in the fish tank (the) from 24.5 ◦C to 28 ◦C was 23 min (case 6) to
62 min (case 1). The the value of case 6 was the shortest and the the of case 1 was the longest among all
cases. The difference between the two results for the time it took to heat the fish tank water ranged
from 3 min to 8 min for all cases. The difference between the average temperature errors of the water
in the fish tank in the two results ranged from 1.3% to 3.6%. The experimental results showed that
the heat transfer time was reduced by approximately half when changing the operating mode from
case 8 (57 min) to case 5 (27 min). The results of the present work agreed with the results obtained
by Le et al. [15] and Yang et al. [27]. In their papers, they reported that the charging time for the heat
transfer fluid was also reduced by half when the inlet temperature of the heat transfer fluid increased
from 55 ◦C to 70 ◦C, and the mass flow rate of the fluid remained constant.
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As indicated in Table 3, the maximum error of the average water temperature of the 24 test points
in the tank in case 1 was 2.3%, which was lower than that of cases 3–7, but the time difference in case 1
was the highest among all cases (time deviation was 8 min). This is attributed to the fact that the
average water temperature in the tank rose to a near steady state at 28 ◦C (the CFD and experimental
results showed that the average temperature increased only 1 ◦C over the next 60 min). As shown
in Figure 10a, as the temperature increased to 28 ◦C, the slope of the temperature curve during the
period near the steady state was small (almost horizontal). Therefore, the time difference between the
CFD and experimental results was large. When the slope of the temperature curve was larger, the
time deviation was smaller; this same relationship was observed in cases 5, 6, 9, and 10. The slope of
the temperature curve between 24.5 ◦C and 29 ◦C was large and the time difference between the CFD
and experimental results was approximately 3 min (about one-third shorter than the result of case 1).

In the simulation model, the fluid properties were estimated using Equations (1)–(4). As expressed
in Equation (1), density is a function of temperature; density decreases with increasing temperature
and this leads to a lower gravitational force. A lower gravitational forces leads to the warmer
particles moving up and the colder particles with heavier weights replacing them. The temperature
distribution of the water in the tank showed that the water temperature near the pipes was slightly
higher than in the center regions of the tank, resulting in the formation of two temperature areas in
the tank water: (1) the high-temperature water area near the tubes and (2) the low-temperature water
area near the center drain of the tank (Figure 12a). However, the temperature measurement results
showed that the fluid temperatures on longitudinal axis A1 (average temperature of points P1, P9,
and P17) surrounding the tube in the simulation model were slightly higher than the experimental
results. The temperatures on longitudinal axes A2 (average temperature of points P2, P10, and P18),
A3 (average temperature of points P3, P11, and P19), and A4 (average temperature of points P4, P12,
and P20) were lower for all of the cases. To describe this phenomenon in more detail, Figure 12b
depicts the temperature variations at four different positions (from P9 to P12) in the tank. This analysis
describes the typical cases, such as 6–8, but in the other cases, we observed that the heat exchange
process was similar. The temperature results in Figure 12b show that the water temperature increased
gradually with time. However, the simulation model behaved differently compared to the experimental
results. In the simulation model, the difference between the predicted temperatures from points P9
and P10 was approximately 0.5 ◦C for case 6 and 0.3 ◦C for case 7, while the temperature measurement
results of points P9 and P10 were almost the same for cases 6–8. The results in Figures 11 and 12
demonstrated that the natural and forced convection of the fluid in the tank during the experiments
was more intense in the simulation model. The difference between the temperatures of the liquid in
the tank and surrounding area of the pipes and the tank center in the experiment was lower than the
difference in the simulation model (0.2 ◦C in case 1 to 1.0 ◦C in case 6).
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P9–12 during the heat transfer process for cases 6–8.

5.3. Heat Transfer Rate

The heat transfer rate (Qhe) of the experimental results was plotted against the CFD results for
all cases, as shown in Figure 13. The heat transfer rate in the simulation model was lower than
the measured value. The experimental results showed that the Qhe value of case 6 was the highest
(43.12 kW) and case 1 was the lowest (20.54 kW). Cases 2, 3, and 5 were similar to cases 4, 7, and 9,
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with approximate Qhe of 28 kW, 33 kW, and 36 kW, respectively. The results of the present work agreed
with the CFD results reported by Le et al. [15]. The largest difference of Qhe between the experimental
and CFD results was 0.81 kW (approximately 4.2%) for case 4. In contrast, case 8 had the smallest
difference of 0.24 kW (approximately 1.2%). The Qhe results showed that a variation in temperature
from the temperature test points along the HCT did not affect the overall HCHE heat transfer rate
because the heat transfer rate was calculated based on the difference between the inlet and outlet
temperatures of the HCT.
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Figure 14 shows the change ratios for the values of heat transfer rate per unit length (U0) and the
between the CFD and experimental results when the inlet parameters of the HCHE were changed.
The experimental results agreed with the numerical simulation results, and the difference between the
two results ranged from 0.5% to 7.2% for U0 and from 0.2% to 1.6% for the.
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A comparison between the experimental and simulation results showed that if the HCT inlet mass
flow rate changed from 0.166 kg/s to 0.332 kg/s and the temperature was unchanged (60 ◦C or 70 ◦C),
the difference in the change ratio for U0 and the values between the experimental and simulation results
was not significant. However, for the experiment, when the flow rate was unchanged (0.166 kg/s or
0.249 kg/s), if the temperature changed from 60 ◦C to 85 ◦C or 54 ◦C to 70 ◦C, the U0 value increased by
63.6% and 56.7%, respectively, which was 3.7% and 7.2% higher than that of the simulation model,
respectively. Thus, these results showed that when the temperature inlet or flow rate increased, the
heat transfer rate increased for both. However, as the temperature inlet increased, HCHE’s relative
heat exchange advantage of the HCHE becomes higher as the flow rate increased. The higher inlet
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temperature led to a greater temperature difference between the pipe walls and the water in the
tank, which contributed to a more intense heat conduction and heat exchange via natural convection
and forced convection by water flow into the tank.

5.4. Energy Efficiency

The usable heat transfer rate (Qt) of the fish tank and the thermal efficiency (ηhe) of the HCHE model
are shown in Figure 15.

Energies 2019, 12, x FOR PEER REVIEW  15 of 20 

 

5.4. Energy Efficiency 

The usable heat transfer rate (Q௧) of the fish tank and the thermal efficiency (௛௘) of the HCHE 

model are shown in Figure 15.  

  

Figure 15. Comparison of Q௧ and ௛௘ between CFD and experimental results for all cases. 

In the CFD results, the Q௧ values ranged from 11.82 kW (case 1) to 31.82 kW (case 6), and the 

௛௘values ranged from 57.7% to 76.1%. The Q௧values in the experiment ranged from 13.33 to 35.97 

kW, corresponding to the he values obtained between 65.9% and 83.4%. The experimental results 

showed that if the HCT inlet temperature was unchanged (60 C or 70 C) and the mass flow rate 

was  increased  by  100%  (from  0.166  kg/s  to  0.332  kg/s),  the Q௧value  increased  by  approximately 

46.8% (from 13.34 kW to 25.07 kW) at 60.0 C, and about 43.9% (from 20.18 kW to 35.97 kW) at 70 

C. In contrast, for a constant flow rate (0.166 kg/s or 0.249 kg/s), if the temperature changed from 

60 C to 85 C and from 54 C to 70 C, the Q௧ value increased by approximately 54.8% and 49.1%, 

respectively. Overall,  the ௛௘and Q௧ values  during  the  experiment were  higher  than  those  of  the 

simulation model. The difference  in  the ௛௘value between  the  two results was  less  than 8.0% and 

ranged from 8.1% to 11.4% for the Q௧ value. 

The CFD and experimental results differed because the environmental temperature during the 

experimental period was about 26 °C to 32 °C, which was higher than the initial temperature of the 

water in the tank. The temperature difference affected the usable heat transfer rate of the water in 

the tank by affecting the heat exchange between the environmental temperature and wall surfaces 

and  the water surface of  the  tank.  In addition,  the difference between  the  two results might have 

been due to the effect of the natural convection of the liquids in the HCHE during the experiment 

being  stronger  than  in  the  simulation model. Convective  heat  exchange  via  the movement  and 

mixture of  the high‐temperature  liquid  (near  the pipes) and  the  low‐temperature  liquid  (near  the 

center drain of the tank) was higher (Figure 12a). Therefore, the water temperature near the center 

drain of the tank increased faster, resulting in a shorter time to heat the tank water to 28 C during 
the experiment than in the simulation model (Table 3). 

Figure 16a  shows a  comparison of  the  total thermal energy of  the TES  tank  (Q்ாௌ)  that was 

supplied for heat exchange in the present study with that in the simulation model. The Q்ாௌ values 

ranged  from 65.21 MJ  (case 6)  to 86.31 MJ  (case 1)  for  the numerical simulation results, and  from 

59.51 MJ (case 6) to 76.39 MJ (case 1) for the experimental results. The percentage of error between 

the two results was in the range of 6.4% to 11.5%, and the difference between the Q்ாௌ values in the 

two results due to the time difference it took to heat the fish tank water ranged from 3 min to 8 min 

(Table 3). 
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In the CFD results, the Qt values ranged from 11.82 kW (case 1) to 31.82 kW (case 6), and the ηhe
values ranged from 57.7% to 76.1%. The Qt values in the experiment ranged from 13.33 to 35.97 kW,
corresponding to the ηhe values obtained between 65.9% and 83.4%. The experimental results showed
that if the HCT inlet temperature was unchanged (60 ◦C or 70 ◦C) and the mass flow rate was increased
by 100% (from 0.166 kg/s to 0.332 kg/s), the Qt value increased by approximately 46.8% (from 13.34 kW
to 25.07 kW) at 60.0 ◦C, and about 43.9% (from 20.18 kW to 35.97 kW) at 70 ◦C. In contrast, for a constant
flow rate (0.166 kg/s or 0.249 kg/s), if the temperature changed from 60 ◦C to 85 ◦C and from 54 ◦C to
70 ◦C, the Qt value increased by approximately 54.8% and 49.1%, respectively. Overall, the ηhe and Qt

values during the experiment were higher than those of the simulation model. The difference in the ηhe
value between the two results was less than 8.0% and ranged from 8.1% to 11.4% for the Qt value.

The CFD and experimental results differed because the environmental temperature during the
experimental period was about 26 ◦C to 32 ◦C, which was higher than the initial temperature of the
water in the tank. The temperature difference affected the usable heat transfer rate of the water in
the tank by affecting the heat exchange between the environmental temperature and wall surfaces
and the water surface of the tank. In addition, the difference between the two results might have been
due to the effect of the natural convection of the liquids in the HCHE during the experiment being
stronger than in the simulation model. Convective heat exchange via the movement and mixture of
the high-temperature liquid (near the pipes) and the low-temperature liquid (near the center drain of
the tank) was higher (Figure 12a). Therefore, the water temperature near the center drain of the tank
increased faster, resulting in a shorter time to heat the tank water to 28 ◦C during the experiment than
in the simulation model (Table 3).

Figure 16a shows a comparison of the total thermal energy of the TES tank (QTES) that was
supplied for heat exchange in the present study with that in the simulation model. The QTES values
ranged from 65.21 MJ (case 6) to 86.31 MJ (case 1) for the numerical simulation results, and from
59.51 MJ (case 6) to 76.39 MJ (case 1) for the experimental results. The percentage of error between the
two results was in the range of 6.4% to 11.5%, and the difference between the QTES values in the two
results due to the time difference it took to heat the fish tank water ranged from 3 min to 8 min (Table 3).
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Figure 16. (a) Comparison of QTES between the CFD and experimental results for all cases. (b) Evaluation
of the usable energy efficiency of the tank water and the discharging energy of the TES tank.

When the 3.4 m3 of water in the fish tank was heated from 24.5 ◦C to 28 ◦C, 49.89 MJ of energy
was accumulated in the fish tank water for all cases. However, the QTES supplied for the HCHE to heat
the fish tank water was different for each case; this means that the usable energy efficiency decreased
(ηusable) as the discharging energy of the TES tank increased. The results in Figure 16b show that the
QTES required for case 1 was the highest; it was 76.39 MJ, corresponding to a total heat loss of 26.55 MJ,
and the value of ηusable was 65.3%. Meanwhile, for case 6, the QTES value was the lowest (59.51 MJ), the
total heat loss was 9.62 MJ, and the value of ηusable was 83.8%. If the the increased by 59.6% (from case 6
to case 1), the QTES value increased by 22.1%, and the total heat loss increased by 63.7%. Thus, the heat
transfer time had a strong influence on the total thermal energy required to heat the fish tank water.
For a longer heat transfer period, a greater energy input was required and more heat loss occurred.
Most of the heat in the fish tank was transferred to the bulk water in the tank that was heated to
flow out. A portion of the lost heat was recirculated back into the fish tank, so the circulating water
temperature of the entire system increased after a period of operation. The remaining heat was emitted
to the environment through mechanical filtration, biological filters, and the hydroponic channels of
the RAS. The ratio of the two heat portions depended on two primary conditions: the size of the RAS
(size and quantity of equipment, hydroponic area) and the difference between the circulating water
temperature and the environment temperature. A larger system with a larger temperature difference
lost more heat to the environment. In this work, a large reservoir was used to provide flow to the fish
tank; the water in the fish tank was not circulated. The lost heat circulating back to the tank was not
considered, so the heating time for the water of the tank to reach 28 ◦C will be shorter in real systems,
and the total thermal energy QTES supplied for HCHE will be smaller than in the results of this work.

The water volume in the tank was 3.4 m3 with a recirculating water flow of approximately 1.0 kg/s,
and the temperature inlet was maintained at 24.5 ◦C. The TES tank had a water volume of 3.08 m3.
The initial thermal energy stored in the TES tank (Qst) for cases 9–11 was 1092.93 MJ, 1020.54 MJ,
and 947.89 MJ, respectively. The TES tank supplied the thermal energy for the HCT to heat 3.4 m3 of
the fish tank water from 24.5 ◦C to 28 ◦C. The results showed that the transient discharging energy
efficiency (ηdi) of the TES tank was 5.6% for case 9. Case 10 used 6.4% of the thermal energy of the TES
tank, and case 11 used 7.2% (Figure 17).
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The energy accumulated in the fish tank was 49.89 MJ for all cases, while the electric energy
consumption (Qe) of pump HP2 ranged from 276 kJ to 744 kJ for the heating exchange process of the
HCHE model (Figure 18).
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Thus, for the heat exchanger model using the HCT, electrical energy was not converted into
thermal energy to heat the water in the fish tank. It was only used for the pump to transport the thermal
energy of the hot liquid in the TES tank to the HCT placed inside the fish tank. Thus, the electrical
energy consumption was quite small compared to the thermal energy of the water in the fish tank
that was received from the TES unit. It is well known that electric heaters have an energy conversion
efficiency close to 1 (100%) because they convert all the used electric energy into heat. Although
the energy conversion efficiency of the solar water heating system (SWHS) was not calculated in the
present study, previous studies have shown that compared to a conventional system (electricity or
diesel), the electric energy saving ratio of the SWHS was very high. The mean value of the solar fraction
in a SWHS ranges from 50% to 100% [20,28–33] and the electric energy consumption for the SWHS
ranges from 0% to 50%. For case 8, the load side output of air source heat pump water heater system
was 55 ◦C, and the average coefficient of performance was in the range of 2–4. Therefore, it has been
proven that a heating method of using a HCHE inside a fish tank can replace electric heaters. It reduces
not only the cost of products and the electricity consumption required to heat the aquaculture water in
RAS, but also allows for sustainable food production in agricultural greenhouses.

6. Conclusions

In this study, experiments were set up similarly to an analyzed simulation model to verify
and compare the simulation results for 11 cases. Temperature fields for all of the liquids of the HCT
and the fish tank, as well as the heat transfer rates and the thermal efficiencies of the HCHE model
in the present work, and those of the numerical simulation results reported by Le et al. [15] were
presented. The following conclusions were drawn from this study:

• The data obtained from the experiment agreed with the numerical simulation results. The time
difference to heat the water in the fish tank (the) from 24.5 ◦C to 28 ◦C between the two results was
from 3 min to 8 min for all cases. The average temperature error of the water in the fish tank was
within ±3.6%.

• The error values of the heat transfer rate (Qhe) and the heat transfer rate per unit length (U0)
between the two results was within±4.2%, and ranged from 0.5% to 7.2%, respectively. The thermal
energy (ηhe) was between 65.9% and 83.4% with an error range of less than 8.0%.

• The QTES values ranged from 59.51 MJ (case 6) to 76.39 MJ (case 1), and the error values ranged
from 6.4% to 11.5%. To heat 3.4 m3 of fish tank water from 24.5 ◦C to 28 ◦C, case 9 used 5.6% of
the thermal energy of the TES tank, case 10 used 6.4%, and case 11 used 7.2%.
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• The proposed low-energy-consumption heating method can replace electric heaters, which will
reduce electricity consumption when heating aquaculture water in RAS systems.

This study focused on presenting the experimental results of a heating model for the fish tank
water in RASs from a previous study. However, the performance and energy efficiency of the system,
such as the electric energy utilization efficiency, solar fraction, and thermal storage efficiency of
TES tank, has not been studied and analyzed. Therefore, further research is needed to evaluate the
results more comprehensively.
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Nomenclature

Cp specific heat (J/kg K)
D coils diameter (m)
di tube inner diameter (mm)
do tube outer diameter (mm)
E electric power
.

m mass flow rate (kg/s)
N number of turns (dimensionless)
P tube pitch (m)
QTES total thermal energy (J)
Qe electrical energy consumption (J)
Qhe heat transfer rate (W)
Qt usable heat transfer rate (W)
Qst thermal energy stored (J)
Qusable energy accumulated
T temperature (◦C)
the heat transfer duration (s)
V volume (m3)
U0 heat transfer rate per unit length (W/m)
Greek
∆T temperature difference (◦C)
δ curvature ratio (dimensionless, di/D)
ρ water density (kg/m3 )
ηhe thermal efficiency, dimensionless
ηdi transient discharging energy efficiency, dimensionless
ηusable usable energy efficiency, dimensionless
Subscripts
CFD computational fluid dynamics
FV flow valve
FS flow sensor
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FM flow meter
H height (m)
HCHE helically coiled heat exchanger
HCT helically coiled tubes
HP pump
h hot liquid
he heat exchanger
hi hot in
ho hot out
in initial
L length (m)
PPRC polypropylene random copolymers pipe
RAS recirculating aquaponic system
RES renewable energy source
st stored
TES thermal energy storage
t tank
W wide (m)
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