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This article aims to investigate the effect of inertia on the outlet temperature of an evacuated
Received: January 18, 2023 tube solar collector. The experiments were conducted during a 24h period in Minquin

County (latitude 38034°N, Longitude 10303’E). An analysis was made to determine whether
Accepted: February 02,2023 the evacuated tube solar collectors” fluid thermal inertia impacts the water storage tank
Published: February 09, 2023 temperature. The results showed differences between the useful energy delivered to the

water storage tank in the case with mass flow rate adjusted depending on the incident
solar radiation for the entire two days in which experiments were conducted. Two days of
cloud and sunshine were considered. An indirect optimal control technique refers to the
impacts of the inertia of water on the outlet collector temperature, the on/off control
of the pump, and the useful heat gain from the storage tank. During days with clear sky,
the average solar radiation, mass flow rate, outlet, and tank temperature were 640.02W/
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control m?, 0.06kg/s, 29°C, and 44.24°C, respectively. For cloudy day was 449W/m? 0.02kg/s,
27°C and 42°C respectively. The control system is provided to run the heating circulating
pump after rest for several minutes to facilitate the exhaust system, then continues to run
for a cycle. The D, and D, . range from 3°C to 10°C and from 0.2°C to 1.5°C,
respectively.

INTRODUCTION method from (Furbo ez al, 1996) has been slightly

China has become the world’s most extensive solar
water heating system for production and applications.
Moreover, automated control technology has advanced
and improved significantly, making it feasible to handle
even complex systems. Early approaches to energy gain
maximization through mass flow rate control are reported
in Refs. (Kovarik ez al, 1976) and (Bejan ef al, 1982).
More recently, little work has been done to investigate
the dynamic characteristics that affect the performance
of the entire thermal systems, including heating, air
conditioning, and control systems. Much research on
the collector’s thermal properties is concentrated on the
steady-state or quasi-steady-state process (John ez a/,1991,
Han Zongwei ef al., 2008). For instance, the minimum
cost per unit of energy transferred was considered (Horel
et al.,1978), while in (Hollands ef af., 1992), the amount
of collected energy was maximized. Different optimal
strategies were found when the exergy gain was analyzed
(Bejan, 1982). More advanced approaches assume the
controlled variable is the energy gain (to be maximized),
the amount of collected energy (to be maximized), and
the exergy gain (to be maximized) (Kovarik ez al., 1976,
Horel et al., 1978, Bejan et al., 1982, Hollands ef al., 1992).
The optimal flow rate control in a solar collector under
simplified weather conditions (assumed as sinusoidal time
functions) was studied by (Saltiel ¢z a/., 1985). The optimal
control of a closed-loop system based on a realistic
solar collector model was analyzed using a sizeable
meteorological database (Badescu, 2008). Two empirical
control strategies have been proposed by (Furbo ez al,
1990) for a solar domestic hot water system. The second

changed recently in (Nhut ¢z a/., 2013), where simulations
have been performed under South Korean latitudes and
climates over a single spring day. In this paper, the heat-
balanced equation for solving the collector temperature
in the unsteady state was theoretically and experimentally
developed, and a detailed study of the influence of
water inertia on the solar heating system was presented.
The main focus is on the all-glass evacuated tube solar
collector and from the angle of the entire solar water
heating system (including the control system), thoroughly
studying the effect of water inertia on the outlet collector
water temperature, the on/off control of pump and the
heat gain.

METHODOLOGY

The energy-balanced equation can describe the heat
transfer process of solar collectors. In the steady state,
the incident radiation on the collector surface is equal
to the sum of heat and several different loss terms, as
is evident from the energy balance of the absorber of a
solar thermal collector, which is given by the following

expression:
Q mCp(To—T;)
A_c = —pAC = Fp [(Ta)GT — U (T; — Ty)] (1)

The collector efficiency calculate by integrating hour-step
efficiency and is expressed as:

mCy(T,—Ti) T;—Tq
q:ﬁ:FR(Ta)_FRUL% ()
Where:

* Ac is Evacuated tube solar collector absorber area, m?
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* GT is the global intensity of solar radiation, W/m?

* T, is outlet temperature, °C

* T, is inlet temperature, 'C

* Ta is ambient tempetature, "C

* Ts is tank temperature, °C

* Q is Useful energy gain, W

* m is the mass flow rate of fluid through the collector, kg/s

* C, is the Heat capacity of water, kJ/kg’C

* 1 is clean collector efficiency

* Fr is The collector heat removal factor

* UL is the heat coefficient between the water tank and
the ambient temperature

e T'is the transmission coefficient of glazing

* 7« is the Absorptance-transmittance product
The condition of the controller to turn the pumps is
when the value of solar energy delivered to the load
exceeds the value of the energy needed to operate the
pump [16]. Control systems are often used when the mass
flow rate has two allowable values: maximum and zero.
A solar radiant floor heating system was established to
analyze the dynamic performance. It consists of a solar
water heating system (including a pump control system,
and the radiant floor heating system. Pump P starts when
the exit temperature from the solar collectors exceeds
D the temperature Ts in the water storage tank. The

TP, ON

pump P stops if To-Ts <D

TP, OFF.

0 ( Pump P does not operate)
Qu = Mo ™) _ b [(vo) Gy — Uy (T; — Ta)] (Pump P
2010 — Ryl ca)Gr — Uy (T, — 7)) (Pump P operate)

o.-|

Table 1: Technical specifications

3)

To—Ts < DTpgpp
To—Ts > DTy

( Pump P does not operate)

(Pump P operate) “)

System Description

The schematic of the experiment is shown in Figure.
1, and the technical specification is in table 1. The
Evacuated Tube Solar Collector was experimentally
investigated at Minquin County (latitude 38034°N,
Longitude 10303’E). The typical control system has four
heat coils with platinum resistance temperature sensors
(pt100, manufactured by Beijing Sailing Technology
Co., Ltd., with a precision of £0.1 °C) mounted on the
ambient, inlet, outlet, and tank of the collector. The flow
rate of hot water with an LWGY-15 turbine flow meter
(manufactured by Shanghai Huaman Industrial Co., Ltd.,
with a precision of £0.45%). The total solar radiation
was recorded by Pyranometers (Kipp & Zonen CM11).
Each measuring instrument connect to the computer via
interfaces and is automatically scanned at 10s intervals
and recorded by Agilent 349702

Meteorological and Actinometric Data

The weather data was experimentally investigated at
Minchin, China. The data was chosen for Sunny and
Cloudy day. The performance of experiments was
conducted for a whole day. Measurements were recorded
every 10 seconds. The data obtained from the tests in the
system are based on 16 and 27th December, 2014. Sunny
day maximum value of ambient temperature and Solar
radiation (Figure.1l and 2) was 14.37°C and 945.6W/m?,
respectively, while for the cloudy day was 8.1°C and 861.2
W/m?, respectively.

Absorbing coating

Absorptivity [-] 0.94
Emissivity [-] 0.06

Outer glass envelope and absorber glass tube

Outer diameter of glass envelope [m] 0.058
Outer diameter of absorber tube [m] 0.047
Glass tube length [m] 1.56

Aperture width [m] 0.1105

Thickness of glass [m] 0.0016

Thermal conductivity of glass [W/(m K)] 1.2
Transmittance of glass [-] 0.92

Aluminum fin

Thickness [m] 0.0008
Thermal conductivity [W/(m K)] 220

Copper U-tube

Outer diameter [m] 0.0063
Thickness [m] 0.0005
Thermal conductivity [W/(m K)] 370

Header section

Outer diameter [m] 0.0063
Thickness [m] 0.0005
Thermal conductivity [W/(m K)] 370

Number of glass tubes

30
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Figure 2: Solar Radiation on 16th December 2014
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Figure 3: Solar Radiation on 27th December 2014

Table 2: Experiment results for Sunny day
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Solar Outlet Inlet Tank Ambient Mass
Radiation Temperature | Temperature | temperature | Temperature | Flowrate
(w/m’) (C) (C) () (C) (kg/s)
min 0.11 11.00 13.66 35.81 -17.17 0.00
max 945.65 065.77 60.10 58.84 14.37 0.30
average 640.02 29.25 32.97 44.24 -6.43 0.06
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Table 3: Experiment results for Sunny day

Solar Outlet Inlet Tank Ambient Mass
Radiation Temperature | Temperature | temperature | Temperature | Flowrate
(w/m?) §9) Q9] Q9] (C) (kg/s)
min 0.11 11.00 13.66 35.81 -17.17 0.00
max 945.65 065.77 60.10 58.84 14.37 0.30
average 640.02 29.25 32.97 44.24 -6.43 0.06
DISCUSSIONS The outlet and Tank temperature of the inertia model

After the outdoor temperature and the incident solar
radiation have been specified, two sets of conditions of
thermal inertia have been investigated for cloudy and
Sunny days. The houtly variation of inlet, outlet (inertia—
considered models), and Tank temperature. In literature(
Knudsen, S, 2002), the control strategy and operation are
as follows. Figure 4 (a,b) shows Pump P starts when the
exit temperature from the solar collectors, To, exceeds by
Doy the temperature Ts in the water storage tank. The
pump P stops if To -Ts <D, .. Usual values of D,
and D, ... range from 3°C to 10°C and from 0.2°C to
1.5°C, respectively.

During the night, the pump at the collector side turned off,
and the water in the collector was in thermal equilibrium.
For a sunny day, the water temperature increased sharply
without considering the inertia of the water, causing
the pump to switch on at 17h00 and transfer heat to
the storage tank, shown in Figure 4 (a). The difference
between Tank and outlet temperature (D, ,, on>3'0). After
17:00, the solar radiation was unable to provide sufficient
heat, which resulted in shutting down the pump at 23h00.

fell rapidly, then reduced slowly to its minimum. The
difference between the Tank and outlet temperature
DOy orF<0.2°C) decreased until the night (23h00) turned,
and the water in the collector was in thermal equilibrium.
Sunshine duration was 9 hours and 21 Minutes, as shown
in Figure 2. The average solar radiation intensity, mass
flow rate, and ambient temperature were 248.1W/m?
0.06kg/s, and -6.4°C, respectively (table 2). The data
analysis based on equation (3) provides heat to that day
of 10311.96 kW.

For a cloudy day, the pump switched on at 17h00 and
transferred heat to the storage tank, shown in Figure 5
(b). Because of that day, the solar radiation was low to
provide sufficient heat, the pump shut down the pump
at 21h03, and the water in the collector was in thermal
equilibrium. Solar heating is shown on a cloudy day for
a heating cycle and a return flow temperature curve
over time. The control system is provided to run the
heating circulating pump and rest for several minutes to
facilitate the exhaust system, then continues to run for
a cycle. Sunshine duration was 9 hours 34 Minutes, as
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Figure 4: Optimal control of the inertia on 16 and 27th December 2014 Optimal control of the inertia on 16 and
27th December 2014
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shown in Figure 3, the average solar radiation intensity
and ambient temperature wete 449W/m? 0.02kg/s, and
-3°C, respectively (table 3). The heat provided that day
was 7641.192 kW

CONCLUSION

Conventional models should have considered the influence
of the inertia of water in the collectors, which would
result in incomprehensive recognition of the dynamic
characteristic of collectors, thus affecting the objective
assessment of the entire thermal system. For all-glass
evacuated tube solar collectors, increasing pump turn-
on time, the inertia of water decrease, and lost heat gain
from the storage tank, whereas the pump will be on/off
more frequently. For a sunny day, the difference between
Tank and outlet temperature (D, >3°C) and (D, ;..
<0.2°C). After 17:00, the solar radiation was unable to
provide sufficient heat, which resulted in shutting down
the pump at 23h00. The outlet and Tank temperature
of the inertia model fell rapidly, then reduced slowly to
its minimum. For cloudy, the difference between D,
and DTP’OFF is the same. But that day, the solar radiation
was low to provide sufficient heat, the pump shut down
the pump at 21h03, and the water in the collector was in
thermal equilibrium.

Reducing water inertia will increase pump turn-on time
and heat gain depending on meteoritical conditions.
This research will help relevant experts to evaluate the
solar energy system more accurately, and the existing will
improve solar energy, simulation models.
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