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ARTICLE INFO ABSTRACT

The paper reports numerical and experimental investigation of a compound parabolic concentrator-capillary
tube solar collector (CPC-CSC). The capillary tube having an outer diameter 4 mm is used as the absorber, which
reduces the size of the solar collector and achieves a concentration ratio of 4.22 in comparison with the same
thickness 75 mm of a flat-plate solar collector. The horizontal CPCs separate the air layer into smaller cells,
resulting in decrease in heat loss through the air layer. Details of the design and work principle of the new
collector are described. Both experimental and numerical studies were carried out for the purpose of operating
characteristics and thermal performance of the solar collector. The effect of solar irradiation intensity and inlet
water temperature were tested based on the standard of GB/T 4271-2007. A three-dimensional model of the
collector is developed and its performance is numerically simulated using FLUENT. The influence of solar ir-
radiation intensity, velocity of ambient air, glass thickness, insulation thickness, inclination angle, mass flow rate
and inlet temperature of water are analyzed. The results of numerical were verified by experimental data and the
maximum deviation is found to be 15%. The numerical results suggest that: 1) the main heat losses of the CPC-
CSC is due to the heat leakage through the air layer between glass cover and CPC; 2) the collector efficiency
decreases as the convective heat transfer of the air layer increases; 3) when the solar irradiation intensity rises,
the surface temperature of collector tubes increases, enhancing air layer convection and thus reducing collector
efficiency; 4) with the increase in mass flow rate of water in the pipe, the heat absorption of water in the pipe
increases and thus the collector efficiency increases and 5) the velocity of ambient air, glass thickness, insulation
thickness, and inclination angle have little effects on the performance of the solar collector.
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1. Introduction

Solar energy is one of the richest and cheapest clean energies which
can satisfy increasing global energy demands. Solar hot water system is
an efficient way to make use of solar energy [1]. Flat-plate solar col-
lectors are the most commonly used type of low-to-medium tempera-
ture solar collectors [2]. Their thermal performance is limited mainly
by the low absorption rate of solar energy and high heat loss to sur-
roundings. The major heat loss occurs by convective heat transfer
through the air layer inside the collector. So far, many studies have
been attempted to improve their efficiency. Zhu et al. [3] proposed a
new type of solar air collector using flat micro-heat pipe arrays
(FMHPA) and evacuated tubes. Their results show that the thermal
efficiency of the collector reaches 73% under stable operation in
summer. Kundu [4] found that the thermal performance of the solar
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collector increases with the increase in ambient temperature. Aerogel
[5] and solar reflector [6] were used to improve the thermal efficiency
of flat-plate collectors. The results show that aerogel can greatly im-
prove the thermal efficiency, 1.66 times higher than the ordinary ones
without using aerogel. The reflector improves the thermal efficiency
around 10%. Beikircher et al. [7] presented advanced insulation
methods. The heat loss from the front of the collector was reduced by
transparent insulation materials while the heat loss from the rear was
reduced by an integrated vacuum super insulation (VSI). At a reduced
temperature difference of 0.1 Km?/W, the collector could achieve a
thermal efficiency higher than 50%. He et al. [8] studied the effect of
Cu-H;O nanofluids and their thermal conductivity on the thermal effi-
ciency. The experimental results show that the use of Cu-H,O nano-
fluids as the absorption working fluid increases the thermal efficiency
by 23.8%. Ahmadi et al. [9] studied the effect of graphene nanofluids
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Nomenclature T; inlet temperature of water
Tout outlet temperature of water
A area of collector, L X W (1200 X 640) w width
CR concentration ratio of CPC
d diameter Greek symbols
din inner diameter
dout outer diameter n efficiency of solar collector
D aperture width Ba thermal expansion coefficient of air
H height Pamb air density at qualitative temperature
I solar irradiation intensity Pa air density at ambient temperature
L length @ angle between the incident ray and the x-axis
Q heat R aperture angle of CPC
Qw heat absorbed by water

on the thermal performance. The results indicate that dispersing gra-
pheme in the base fluid can increase thermal efficiency up to 18.9%.

The compound parabolic concentrator (CPC) is a non-imaging
component with low focusing degree, which is designed based on edge
optics [10]. It can make sunlight reach the receiving surface after
multiple reflections within a given receiving angle. The CPC solar col-
lector has a simple structure and operates readily since it does not re-
quire real-time position tracking of the sun [11]. Its working tem-
perature can reach the range of 80 °C-250 °C, suggesting that it can be
used to realize the medium-temperature application of solar energy
[12]. Such an effective collection of solar energy enables almost the
theoretical thermal efficiency and therefore demonstrates a promising
prospect of these collectors in the low-to-medium temperature appli-
cations.

Many investigations of CPC solar collectors have been performed.
Zheng et al. [13] presented a combination of a CPC solar collector and a
flat plate solar collector. Its thermal efficiency can achieve up to 60.5%.
Xu et al. [14] reported an experimental investigation of a novel solar
collector that integrated a CPC and a closed-end pulsating heat pipe
(PHP). The results show that its instantaneous thermal efficiency can
reach up to 50% when the direct normal solar irradiation intensity is
800 W/m?. Gu et al. [15] demonstrated a new solar thermal collector
which can obtain very high temperature up to 600 °C, providing heat in
small size for various portable applications. Pradhan et al. [16] in-
vestigated the thermal performance of a solar collector integrated CPC
and heat pipe embedded evacuated tube for medium-temperature ap-
plications. The experimental results show that the collector can provide
sufficiently high temperature for water boiling application. Al-Imam
et al. [17] examined a hybrid photovoltaic/thermal collector using

phase change material (PCM) to store thermal energy. Its thermal ef-
ficiency varies from 40% to 50% for clear day and around 40% for semi-
cloudy day. Khalifa et al. [18] presented a structure employing two
tubulous collectors in a CPC collector, which can improve the optical
efficiency and thermal performance. Zou et al. [19] reported a solar
collector using small parabolic groove, which can operate for low-
temperature fluid and perform good anti-frosting under cold climate
conditions. When the solar irradiation intensity is less than 310 W/m?,
its thermal performance can reach about 67%. Chamasa-Ard et al. [20]
designed a solar collector with evacuated tube and CPC with the
measured thermal performance 78%, based on the standard of ISO
9806-1. Oommen et al. [21] designed a solar collector using CPC with
thermal efficiency of 50% at high temperature. Tchinda [22] developed
a mathematical model for CPC air heater to evaluate the thermal per-
formance of the solar collector. The effects of key parameters on
thermal performance such as the collector length, mass flow rate of air
and wind speed were presented. Abdullahi et al. [23] founded that the
thermal performance of the tracking CPC solar collector was better than
the same solar collector without tracking.

In this work, a solar collector integrating CPC and capillary tubes is
proposed. A model is developed and the thermal performance of the
solar collector is numerically simulated to investigate the effects of
main parameters. A prototype of the solar collector is designed and
built and its thermal performance is tested under different working
conditions. The numerical simulation results are compared with mea-
sured data. The operating characteristics and thermal performance of
the new collectors under different working conditions and structures
are studied. It introduced an efficient way to achieve low-to-medium
temperature solar heat collecting.
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Fig. 1. Schematic of the CPC-CSC.
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Table 1
Dimensions of solar collector, CPC, header and capillary tube.

Dimension Value

Dimension of solar collector, mm
Dimension of a CPC unit, mm

Diameter of inlet and outlet headers, mm
Diameter of capillary tube, mm

L =1200, W = 640, H= 70
L =300, W=153,H=525
din = 10, doye = 12

din = 2, doue = 4

50

40

20

/’ Capillary
10 tube

Fig. 2. Geometry and dimension of CPC, capillary tube absorber and co-
ordinator.

2. Experimental system
2.1. The new solar collector

The new solar collector adopts CPC as concentrators and capillary
tubes as absorbers placed at the involute circle of CPC (named as CPC-
CSC), as shown in Fig. 1. The CPCs concentrate solar irradiation onto
the capillary tubes, heating the working fluid flowing in the capillary
tubes. It has a total length of 1200 mm, a thickness of 75 mm, a width of
640 mm and an effective heat collecting area of 0.699 m>. The collector
consists of a glass cover, CPC, capillary tube absorber, insulation, and
baseplate. The glass cover is a single-layer high-transparent glass with a
thickness of 5mm. The absorber is composed of 22 parallel copper
capillary tubes, each of which has an outer diameter of 4 mm, an inner
diameter of 2mm and a length of 610 mm. Two copper tubes with an
outer diameter of 12 mm and an inner diameter of 10 mm serve as inlet
and outlet headers to connect the capillary tubes forming the flow

Energy Conversion and Management 204 (2020) 112218

Fig. 1 shows the layout of the collector. 44 CPC units are arranged in
22 columns and each column has two CPC units. The CPC units, made
by additive manufacturing, have a groove depth of 52.5 mm, a length of
300 mm and an opening width of 53 mm. The reflector surface is coated
by a layer of reflective aluminum foil with a thickness of 0.1 mm and a
reflectivity of 0.85. The concentration ratio is 4.22. The capillary tubes
are fixed at the two ends of CPCs using buckles and then fixed on the
baseplate.

2.2. The CPC

The CPC, a non-imaging low-focusing concentrator, is designed
based on the principle of edge optics, to collect incident sunlight onto
the receiver in a given range of acceptance angles for an ideal con-
centrating ratio. The CPC is composed of two pairs of symmetrical
curves (see Fig. 2). The curve is given by Eqs (1) and (2) [24].

ng(singo—qocosgo) 5
4 0<p<90 +6)
Y= —5(¢singo + cos¢) 1)

X=%(sinrp—A*cosgo) 3 B
(90" + 6y < @ <270 — 6y)

Y= —g(A* sing + cosg) @)
where
o %+6A+qo—cos(¢—6A)
1 + sin(p — 6y) 3)
6r = arcsin(i)
AT CR &)
D
mxd ()

and g is the angle between the incident ray and the X-axis.
2.3. The working principle of the CPC-CSC

The solar collector transfers concentrated solar irradiation into
thermal energy and the mechanism is illustrated in Fig. 3. The solar
irradiation reaching the glass cover is divided into reflected, absorbed
and transmitted proportions. The transmitted solar irradiation reaches
the CPC inner surface and is concentrated on the surface of capillary
tubes, most of which is absorbed by the working fluid. A small pro-
portion of the heat is lost to surroundings by conduction, convection
and radiation heat transfer.

The transient heat collecting efficiency of the solar collector is de-
fined as the ratio of actual heat absorbed by water Q to solar irra-
diation reached to the collector IA given by Eq. (6).

paths. The dimensions of the collector are given in Table 1. To prevent 5= Qw
heat loss through the envelope, the four sides and baseplate are in- IA (6)
sulated. Water is used as the working fluid. Fig. 4 shows the comparison of the CPC-CSC and flat-plate
A
<‘(y Scattered
“"\ Reflection Convective  Radiation
o o heat loss loss
Incoming irradiation 0,
Glass — Frrrrrrrrrrrrrr e R 0' == Glass
¥2
CPC— — CPC
Air
Capillary tube __| L Capillary tube
Insulation— (E Insulation
Convection heat loss 0s

Fig. 3. Mechanism of energy transfer in solar collector.
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Fig. 4. Comparison of air layers for CPC-CSC and flat-plate solar collector.
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Fig. 5. Comparison of the present CPC-CSC and other types of CPC solar collectors.

collectors. It is seen that the new collector can achieve a higher col-
lection temperature and efficiency due to two advantages: 1) The uti-
lization of capillary tubes reduces the area of heat transfer surface and
hence the heat loss by radiation and convection from a higher-tem-
perature surface; 2) Horizontal CPCs separate the air layer into small
cells and decrease convective heat transfer.

Copper tubes and evacuated tubes are widely used as the absorbers
of CPC collectors. The CPC-CSC in this work is thinner compared with
other CPC solar collectors shown in Fig. 5, allowing easy integration
with building in practical applications.

The disadvantages of the usage of capillaries are deformation and
high flow resistance. Deformation is the biggest problem of capillaries,
especially copper tubes. However, deformation merely has influence on
brass tubes and stainless-steel tubes. Since the capillaries are multi-
parallel, the actual flow area is larger than that of the main tube. In the
present study, the flow resistance is not significant.

2.4. Experiment setup

To measure the thermal performance of the CPC-CSC, an experi-
mental setup was built on the roof of a building in Beijing (N 39 °48’, E
116 °28). Fig. 6 shows the schematic of the setup and Fig. 7 shows its
photographs. It consists of CPC-CSC, hot water circulation loop and
data acquisition system. The CPC-CSC, assembled as discussed in sec-
tion 2.1, was put on an adjustable angle bracket in the east-west di-
rection. The hot water circulation loop consists of a thermostatic water
bath, chiller, pump and turbine flow meter. Water entering the inlet
header is uniformly distributed into the parallel capillary tubes and
flows into the outlet header. Two mixers are located at the inlet and
outlet of the headers, allowing sufficient mixing of the flow and accu-
rate measurements of the inlet and outlet bulk temperatures of the
working fluid. Two T-type thermocouples with an accuracy of = 0.1 K
are inserted in the two mixers to measure the inlet and outlet bulk
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Fig. 6. Schematic of the test rig.

temperatures, respectively. 44 thermocouples are arranged at the inlet
and outlet of each capillary tube. The turbine flow meter with an ac-
curacy of 1% measures the mass flow rate of water. The thermostatic
water bath is used to provide a constant inlet temperature of water for
the solar collector. The solar irradiation intensity is measured by TES-
1333R solar radiation recorder (with an accuracy of = 10 W/m?). The
data acquisition system (Agilent34980A) is used to record tempera-
tures, mass flow rate and solar irradiation intensity. The measurements
are conducted in wide ranges of working conditions (see Table 5) ac-
cording to GB/T 4271-2007.

2.5. Uncertainty analysis

The uncertainties of the measurements includes turbine flow meter
(with an accuracy of 1%), T-type thermocouple (with an accuracy
of + 0.1K), TES-1333R solar radiation recorder (with an accuracy
of = 10 W/m?). The uncertainty of the thermal efficiency of the solar

CPC Pulsating heat
pipe solar collector

CPC capllla tube
solar collector

Water inlet
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Table 2
Uncertainties of quantities.
Quantity Uncertainty
T type thermocouple, K *0.1
Turbine flow meter 2.50%
TES-1333R solar radiation recorder, W/m? + 10
Thermal efficiency 10.4%
collector can be calculated using Egs. (6) and (7) [14].
OR
W = Z ( w;
ox; @]

where wy is the uncertainty of the dependent variable and w; are the
uncertainties of the independent variables. Table 2 summarizes the
uncertainty of the quantities.

3. Numerical simulation of the computational domain

Ansys-Fluent is used to numerically simulate the thermal perfor-
mance of the new solar collector based on a three-dimensional model.

3.1. Physical model

A typical unit of the 22 parallel units is chosen as the computational
domain, and the modeling ratio is 1:1 (see Fig. 8). The actual dimen-
sions of the domain are the length Lp = 600 mm, width Wp = 53 mm,
height H, = 75 mm and an irradiated area of 0.0318 m>.

The collector is located in open wind environment. The two ends of
the domain are assumed adiabatic. The two side surfaces of the domain
are symmetrical boundary conditions. The upper surface of the col-
lector involves convective and radiation heat transfer and the bottom
surface of the baseplate involves convective heat transfer. The dimen-
sions of the materials and their thermophysical properties are given in
Table 3. Pure water is used as the working fluid.

The following assumptions and approximations are made:

(1) The incidence solar radiation is assumed to be perpendicular to
collector surface and solar radiation reaching the surface of capil-
lary tubes is completely absorbed.

Electrlccablnet ‘ 4‘- |
\ Angllent34980A ‘

Chiller

Backwater

Water supply

Fig. 7. Photos of the test rig.
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Fig. 8. Computational domain: (a) the domain in the CPC-CSC, (b) details of the domain, (c) cross-sectional view of the domain.

Table 3
Thickness and properties of CPC-CSC materials and air layer.

Material Thickness mm Thermal conductivity W/(m K) Density kg/m> Specific heat J/(kg K)
Glass 4 0.76 2500 790

Air - 0.0267 1.225 1005

CPC material (ABS plastic) 1 0.25 1050 1591

Thermal insulation material 20 0.034 54 1500

Capillary tube material (copper) 1 387.6 8978 381

(2) Air flow inside the collector is natural convection.
(3) The properties of air, water and solid materials are independent of
temperature.

3.2. Governing equations

The collection process combines heat conductivity, convection, and
radiation heat transfer. Convective heat transfer occurs between the
outer wall of the capillary tube and the air layer. The flow inside the
collector tube is regarded as a 3D, steady, constant-property, laminar
flow. Considering the heat transfer process, governing equations [26]
are following:

Conservation of mass:

div(U)=0

Conservation of momentum:

. =2 . JY
div(uU) = div(vgradu) — ——
pox

div(vl_f) = div (vgradv) — la_p
Py
- . 10p
diviwU) = div(vgradw) — ——
p 0z

®

)]

10

an

Conservation of energy equation for fluid and solid are respectively:
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is taken to calculate the density. ’é‘
0, = Pamp)& = —PampBa (T = Tamv)g 14 2 ]
g n
where g, is the air density, g, is density of ambient air at its tem- 2 2
perature T,y,, and G, is the thermal expansion coefficient of air. g 2
8 —
g N
—_ (=)
3.3. Boundary conditions 2l coootooo
— L R I B B o I I I |
The boundary conditions of the domain are: é
For the domain: P
Upper and lower surfaces at x-z plane y = 0, Hp: the convection E ©
boundary condition with air temperature given; é :
Front and back end surfaces at x-y planes z = 0, Lp: adiabatic con- 8 o
dition; O vrraTrev
Left and right surfaces at y-z planes x = 0, Wp: symmetrical Q3
boundary condition. g
For air inside collector: 5
The non-slip boundary conditions are applied to all solid-air inter- 8
faces. "%
For water flow in capillary tubes: 3 :
At the inlet: velocities u = u;,, v = 0, w = 0; temperature T = Tjy; g’ g o
At the outlet: partial unidirectional condition; ,:; § o : N
The non-slip boundary condition is applied to the solid-water in- E
terface. B %
Since the diameter of the copper capillary tubes are small compared g g
with the size of CPCs and hence are regarded as a homogeneous body gl &
heat source. All the surface temperatures of solid components are ob- g 8 o
. . . . . L o ]
tained from the coupled numerical simulations of air convection inside ° E S
the collector, water flowing inside the capillary tubes and heat con- 5 % s
duction in the solids. 2| % Z
S| E S
Slz|scssssss
3.4. Verification of mesh independence #l3lesgesssess
E .
Physical modelling, meshing, and regional and boundary condition i 5|3
settings are conducted in GAMBIT. Within the computational domain, a S| g
sharp angle exists between CPC left and right surfaces. The thickness of s ?O ;
CPC is only 1 mm and both the inner and outer diameters of capillary « g E|8-=2EE>55
tubes are relatively small. These make the meshing process difficult 2E|E|Sg288¢83¢
: SEI 2| 2£83S8888S
because mesh refinement is required for CPC and capillary tube parts. £ a
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Table 5
Environmental conditions of the experiments.

Energy Conversion and Management 204 (2020) 112218

Solar intensity (W/m?)

Ambient temperature (K)

Air velocity (m/s) Date of experiments

= 10 Oct. 2016-20 Nov. 2016
1-2 5 Apr. 2017-10 May 2017

Set 1 290-1000 288-291
Set 2 920-1000 289-293
100
o0 | ® Experimental data
—a— Simulated data
80 |- T
-
) —
o | ﬁ { % { %
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]
S 60 |- {
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.=
5 40
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=20
10k
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Solar irradiation intensity / W/m”

Fig. 10. Comparison of numerical results and experimental data: effect of solar
irradiation intensity. Case L.
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Fig. 11. Comparison of numerical results and experimental data: effect of inlet
temperature of water. Case VIL

Therefore, a relatively efficient mesh is built through multi-region
partition for the whole simulated domain, then multiple meshing, and
adopting different mesh densities in different regions. Several meshing
densities have been solved using outlet temperature as determination
parameter for mesh independence verification, as shown in Fig. 9. The
final determined amount of mesh is around 6.35 million.

3.5. Working conditions of numerical simulation

The numerical simulations are conducted to investigate the influ-
ence on the thermal performance of the collector caused by solar irra-
diation intensity, velocity of ambient air, glass thickness, insulation
thickness, inclination angle, mass flow rate and inlet temperature of
water. 33 working conditions given in Table 4 are simulated.

3.6. Numerical simulation

The computational domain initialization, residual detector setting,
iteration number setting, and calculation are conducted after setting
boundary conditions. A surface to surface radiation model is selected to
calculate the radiation heat transfer. Finite volume method is employed
to disperse governing equations. In terms of the coupling of pressure
and velocity, the SIMPLE algorithm is used to disperse flux terms in
second-order upwind and diffusion terms in the central differencing
scheme. An efficient multi-core CPU workstation (with dual processors
of Inter® Xeon® CPU E5-2630 v4 @ 2.20 GHz, a running memory of
64G, and a CPU of 20 cores) is used for parallel computation to improve
calculating speed and hence reduce calculating time.

Result statistics are analyzed by FLUENT with post-processing
functions. Temperature distribution and heat flux distribution are
mainly studied. Statistics investigate the temperature of outlet profile,
heat losses and heat absorptions through all side walls, and temperature
distribution in each layer. The computational domain is calculated
based on the statistics of temperature differences between the inlet and
outlet of water. The volume heat of the computational domain should
be balanced with the heat absorption of water inside the tubes and heat
losses to the surroundings. This can be used to check computational
accuracy and calculation convergence.

4. Results and discussion
4.1. Numerical results and comparison with experimental data

The thermal performance of the CPC-CSC is tested based on the
standard GB/T 4271-2007. Two sets of experiments as shown in Table 5
were conducted. The first set of experiments examine the effect of solar
irradiation intensity (see Case I in Table 4). Fig. 10 shows that the heat
collecting efficiency decreases from 75% to 66% as the solar irradiation
intensity increases from 290 W/m? to 1000 W/m?. The deviation be-
tween the numerical results and experimental data is about 8.5%. This
is due to neglecting of the heat losses through four side surfaces of the
collector, similar to that in most of the numerical simulations of solar
collectors [13,27-28]. The radiations from the capillary tubes to the air
layer and from the air layer to the sky are neglected since the absorp-
tivity of air layer is very low. The second set of experiments examine
the effect of inlet temperature of water (see Case VII in Table 4). Fig. 11
shows that the heat collecting efficiency decreases from about 67% to
50% as the inlet temperature of water increases from 290K to 345 K.
The deviation between the numerical results and experimental data is
within 15%. These good agreements verify the modeling and numerical
simulations.

As shown in Fig. 5, CPC was widely used in solar collecting field and
copper tubes and evacuated tubes are commonly used as the absorber of
CPC collector. A similar structure to present collector but higher
thickness was proposed by Zheng et al. [13] and its highest thermal
efficency is 60.5%. A tracking CPC solar collector combining CPC and
heat pipe evacuated tubular receiver was developed by Wang et al. [25]
and its thermal efficency is about 60%. A collector intgrated CPC with
evacuated tube was proposed by Chamasa-Ard et al. [20] and its
thermal efficency is 78%, which is higher than prsent study.
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Fig. 14. Temperature profiles at the outlet plane for solar irradiation intensity 300, 500, 800 and 1000 W/m?.

4.2. Analysis of the collector performance in reference condition

Quantitative statistics and analysis of heat transfer in each layer of
the reference condition is performed from the simulation results as il-
lustrated in Fig. 12. The total heat absorbed on the collector tube sur-
faces is 26.92 W. Heat loss through glass cover is 2.1 W and the heat loss
through the insulation baseplate is 1.06 W. Heat absorbed by water

flowing inside the tubes is 23.76 W, taking 74.7% of initial heat
reaching to the outer surface of the glass cover i.e. 31.8 W.

Analysis based on Fig. 12 shows that the convective heat loss
through the air layer between the glass cover and CPC results in the
main heat loss of the new solar collector. The CPC can separate the air
layer into small cells, suppress large-scale air convection, reduce heat
loss and thus improve the solar collector efficiency. The increase in
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Table 6

Thickness and transmittance of glass cover.
Thickness, mm 2 3 4 5 6
transmittance 91.68% 91.52% 91.36% 91.20% 91.04%

surface temperature of the collector tube enhances the convective heat
transfer in the air layer. For a single capillary tube absorber unit, if the
temperature rise of water between the inlet and outlet is large, the
surface temperature of the collector tube near the outlet is relatively
higher. This lead to relatively strong convection in air layer resulting in
larger heat loss through the air layer.

4.3. Effect of solar irradiation intensity

Simulations are performed of the computational domain for solar
irradiation intensities of 300W/m2, 500W,/m?2 800W/m? and
1000 W/m? respectively, and all the other conditions being kept the
same as those under the reference condition (see Table 4). Fig. 13 shows
the temperature profiles at the plane x = 0 for four solar irradiation
intensities. As the solar irradiation intensity increases, the outlet tem-
perature of water increases and the temperature gradient of the air side
outside the collector tube appears a significant increase. Both the water
temperature inside the collector tubes and the temperature of the air
layer increase along the direction of water flow. It is seen that the
higher collector tube temperature leads to stronger convection in the air
layer. Fig. 14 introduces the temperature profiles at the plane z = w for
four solar irradiation intensities. When the solar irradiation intensity is
1000 W/m?, the outlet temperature of water reaches 398 K.

Figure 15 shows the variations of the heat collected, heat loss,
temperature rise of water and heat-collecting efficiency with the solar
irradiation intensity. It is seen from Fig. 15 that as the solar irradiation
intensity increase, the heat absorbed by water inside capillary tubes and
the heat losses through the glass cover and insulation baseplate in-
crease. When the solar irradiation intensity increases from 300 to
1000 W/m?, the heat absorbed by water increases from about 10 W to
25W. The heat loss increases from about 0.5W to 3.5W. When solar
irradiation intensity is 300 W/m?, collector efficiency is 79.8%. While a
collector efficiency of 74.7% corresponds to solar radiation intensity of
1000 W/m?. The thermal performance of the collector has fallen by
5.1%. With the increase in the outer surface temperature of capillary
tubes for higher solar irradiation intensity, the convection in the air
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layer is enhanced and the heat leakage through the glass cover in-
creases.

4.4. Effect of ambient air velocity

The velocity of ambient air can influence the heat loss and efficiency
of the solar collector by varying the convective heat transfer between
the glass cover and baseplate with the surroundings, and therefore af-
fect collector efficiency. Fig. 16 shows the simulations results of tem-
perature profiles at the outlet plane for four ambient air velocities of 0,
1, 2, 3 and 4 m/s, respectively. The air temperature in computational
domain is relatively high and evenly distributed for ambient air velocity
0 (see Fig. 16 (a)) while the temperature distributions of air are similar
in other conditions (see Fig. 16 (b)-(d)). Fig. 17 displays the variations
of the heat collected, heat loss, temperature rise of water and heat-
collecting efficiency with the velocity of ambient air. As the velocity of
ambient air rises from 0 m/s to 4 m/s the heat loss increases by about
0.5W. While collector efficiency reduces slightly by about 1% and
outlet temperature of water decreases by 2 K. As velocity of ambient air
increase, convective heat transfer coefficients of glass cover are raised
and hence heat losses through the glass cover is enhanced. This brings
little effects on collector efficiency because main heat resistance exists
in the air layer. The separation of CPC weakens the convection intensity
in air layer, reducing the influence of convective heat transfer coeffi-
cients on collector efficiency. Temperature distribution on outlet profile
of the computational domain (see Fig. 16) also indicates that velocity of
ambient air affects the temperature gradient from air layer to glass
cover. However, the higher the velocity of ambient air, the smaller the
impacts are.

4.5. Effect of glass thickness

Simulation are performed for the glass thickness of 2, 3, 4, 5 and
6 mm, respectively. The corresponding glass transmittances for these
thicknesses are given in Table 6. The transmittance decreases slightly
with increasing thickness. The solar irradiation through the glass cover
and the collected heat of the collector decreases slightly. Figure 18
shows the variations of the heat collected, heat loss, temperature rise of
water and heat-collecting efficiency with the glass thickness. As the
thickness increases, both the heat collected and the temperature rise of
water increase slightly and then decrease slightly. The heat loss and
efficiency appear almost the same with increasing thickness. In
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practice, a thickness of 4 mm can meet the requirements for structural
safety performance.

4.6. Effect of insulation thickness

Part of heat inside the collector is lost through insulation baseplate.
Simulations are performed for the baseplate insulation thickness from 5
to 30 mm, respectively. Fig. 19 shows the variations of the heat col-
lected, heat loss, temperature rise of water and heat-collecting effi-
ciency with the thickness of baseplate insulation. It suggests that with
increasing insulation thickness, the heat loss through insulation base-
plate decreases by less than 0.5 W, the heat collected increases by less
than 0.5 W, the temperature rise of water increases by about 2 K and the
collector efficiency increase slightly. That is, the thickness of insulation
baseplate has little influence on the heat losses of the computational
domain.

4.7. Effect of inclination angle

The inclination angle is defined as the angle between the collector
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and horizontal. Various inclination angles can affect collector efficiency
and heat losses mainly by the impact on convection in air layer.
Simulations are performed for five inclination angles from 0° to 90°.
Fig. 20 shows the temperature profile at the plane for five inclination
angles. When inclination angle increases, heat distribution on outlet
surface changes merely. Temperature distribution on x-direction profile
shows that the increase of inclination angle can lead to the rise of air
temperature above and below the copper collector tube near the outlet,
indicating higher heat losses at these parts.

Figure 21 shows the variations of the heat collected, heat loss,
temperature rise of water and heat-collecting efficiency with the in-
clination angle. It introduces that as the inclination angle increase, the
heat losses increase slightly. The heat collected, the temperature rise of
water and efficiency decrease slightly with increasing inclination angle.
It is noted that in the actual experiment, solar radiation absorbed by the
collector varies intensely at diverse inclination angles. When inclination
angle is 90°, solar irradiation absorbed by the collector is smaller,
laying great impacts on heat collection and collector efficiency. So, the
collected heat of the solar energy should be fully considered in the
actual installation process of collectors.
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4.8. Effect of mass flow rate of water

Simulations are performed for five mass flow rate of wate ranging
from 0.23 kg/h to 1.15kg/h. Fig. 22 shows the temperature profiles at
the plane x = O for the five mass flow rates. Fig. 23 shows the variations
of the heat collected, heat loss, temperature rise of water and heat-
collecting efficiency with the mass flow rate of water. The temperature
rise of water between the inlet and outlet can reach 100K. These
temperatures fall quickly as the mass flow rate increases from 0.23 kg/h
to 0.92kg/h and fall slightly as the mass flow rate further increases
from 0.92kg/h to 1.15kg/h. It is seen from Fig. 23 that as the mass
flow rate increases from 0.23 kg/h to 0.92 kg/h, the heat loss decreases
from about 3.5W to 0.5W, the heat collected increases from about
25.5 W to 28.0 W, the temperature rise of water decreases from 100 K to
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30K and the efficiency increases from 75% to 83%. Further increasing
the mass flow rate, the heat loss, heat collected, temperature rise of
water and collector efficiency vary slightly. When the mass flow rate is
1.15kg/h, the maximum collector efficiency can achieve 83.8%. The
results suggest that the new collector can match a wide range of col-
lecting temperature with a higher collector efficiency in low-to-medium
temperatures.

4.9. Effect of inlet temperature of water

Simulations are performed for eight inlet temperature of water
ranging from 280 K to 400 K. Fig. 24 shows the temperature profiles at
the plane x = 0 for different inlet temperatures of water. Fig. 25 shows
the variations of the heat collected, heat loss, temperature rise of water
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and heat-collecting efficiency with the inlet temperature of water. The
raises of outlet temperatures of water correspond to the increases of
inlet temperatures of water and also the air temperature in the air layer.
Air convection is enhanced, together with heat losses through glass
cover and insulation baseplate. Therefore, collector efficiency drops
obviously. As the inlet temperature of water increases from 280K to
400K, the heat loss almost linearly increases from about 2.5W to
11.0 W and the heat collected, the temperature rise of water and effi-
ciency almost linearly decrease from 26 W to 17.5W, 103 K to 67 K and
74.7% to 50.6%, respectively. Compared with flat-plate collector, the
new solar collector can obtain higher heat-collecting temperature with
relatively high collector efficiency, meeting the requirements for the
medium-temperature solar collector.

5. Conclusions

A novel compound parabolic concentrator-capillary tube solar col-
lector (CPC-CSC) has been developed. It has a concentration ratio of
4.22 and the same thickness of flat-plate solar collectors. The new solar
collector has been modeled and numerically simulated in wide ranges
of working conditions. Experiments have been conducted to examine its
operating characteristics and thermal performance. The effects of the
solar irradiation intensity, mass flow rate and inlet temperature of
water, velocity of ambient air, glass thickness, insulation thickness and
inclination angle on the thermal performance have been investigated.
The following conclusions may be drawn.

1) When the solar irradiation intensity is 1000 W/m? and inlet water
temperature is 290 K, the measured transient efficiency of the new
collector is 66.0%, while the efficiency calculated by the numerical
simulation is 74.7%. This difference may be attributed to the neglect
of the heat loss from the side surfaces in the simulation;

The heat loss by convective heat transfer through air layer is found
to be the main heat loss. The CPCs can separate the air layer into
small cells, reduce convection and heat leakage and thus improve
the collector efficiency. The rise in surface temperature of the col-
lector tubes enhances the convective heat transfer in the air layer
and thus the collector efficiency is relatively lower for higher surface
temperature of the collector tubes;

As the solar irradiation intensity increases, the surface temperature
of the collector tubes rises and hence the convection in the air layer
is enhanced, leading to decrease in collector efficiency. When the
solar irradiation intensity is 300 W/m?, solar collector efficiency is
79.8%. While a collector efficiency of 74.7% corresponds to solar
irradiation intensity of 1000 W/m? The velocity of ambient air,
glass thickness, insulation thickness, and inclination angle affect
little on the performance of the solar collector;

As the mass flow rate varies from 0.23 kg/h to 1.15kg/h, the heat
losses through the glass cover and insulation baseplate decrease, and
collector efficiency increases. When mass flow rate is 1.15 kg/h, the
maximum collector efficiency can achieve 83.8%. The new collector
can match a wide range of collecting temperature with higher effi-
ciency in low-to-medium temperatures.

As the inlet temperature of water rises from 290K to 400K, the
collector efficiency drops from 74.7% to 50.6%. When the inlet
temperature of water is 400K, the outlet temperature of water
reaches 467 K and the efficiency fall to 50.6%. Compared with the
flat-plate solar collector, the solar collector in the present work can
obtain higher heat-collecting temperature with relatively high effi-
ciency, meeting the requirements for the medium-temperature solar
collectors.
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