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Abstract. In the present study, performance of the fabricated evacuated U-tube solar collector integrated
parabolic reﬂector (EUSCIPR) and conventional evacuated U-tube solar collector (CEUSC) are analysed
experimentally. With reference to humid climatic conditions, a 3D model is developed for comparing the
thermal performance of EUSCIPR with a CEUSC. Developed model is validated with ﬁeld test data and found in
good agreement among them. Heat transfer ﬂuid (HTF) temperature difference, energy intake/heat gain and
thermal efﬁciency of the solar collectors are investigated experimentally at various ambient temperatures and
solar intensities. From the experimental investigations, it was observed that, in a sunny day, the energy losses
incurred across the solar collectors was high during peak hour (1: 20 PM). From the numerical studies, it is
found that within the given operating range, the thermal efﬁciency of the EUSCIPR is 14.1% higher than
CEUSC. Further, for a given inlet condition, the contour plots for variation of HTF temperature along the U-tube
of EUSCIPR and CEUSC are predicted numerically, and the obtained results are discussed in detail.
Keywords.

Parabolic reﬂector; energy intake; thermal efﬁceicncy; thermal model; experimental analysis.

1. Introduction
In recent years, evacuated U-tube solar collector is projected as an alternative solar thermal utilization device for
achieving medium discharge temperatures (60–150C), due
to cost effective, operational ﬂexibility and energy efﬁcient
features [1]. The cross sectional and longitudinal views of
conventional evacuated U-tube solar collector (CEUSC)
and evacuated U-tube solar collector integrated parabolic
reﬂector (EUSCIPR) are shown in ﬁgures 1 and 2. These
solar collectors consist of evacuated glass tube, absorptive
coating surface on the surface of inner glass tube and
U-shaped copper tube. In addition, EUSCIPR consists of a
parabolic reﬂector. In CEUSC and EUSCIPR, the impended solar radiation on the surface of outer glass tube is
transmitted to the heat transfer ﬂuid (HTF) ﬂowing inside
the U-tube through radiative mode of heat transfer from
outer to inner glass tube, conductive mode of heat transfer
from inner glass to U-tube and convective mode of heat
transfer from U-tube to HTF. Whereas in EUSCIPR, using
parabolic reﬂector, an additional heat is provided to the
*For correspondence

evacuated tube for working ﬂuid (HTF) heat transfer
enhancement purpose (ﬁgure 2).
Several investigators have examined the performance of
the CEUSC/ EUSCIPR by employing numerical models
[2–5] and by performing experimental studies [6–10].
Vishal and Avadesh [2] theoretically analyzed the inﬂuence
of ambient air ﬂow rate and pressure drop of concentric
coaxial glass tube solar air collector. Morrision et al [3]
carried out simulation studies on the performance of waterin-glass evacuated tube solar water heater for different ﬂow
rates. Laingdong et al [4] numerically investigated the heat
transfer characteristics of CEUSC employing ﬁller material
in between the U–tube. Naik et al [5] developed an analytical model to predict the working ﬂuid outlet temperature, net heat gain and thermal performance of the CEUSC
employing different working ﬂuids. Kaya et al [6] experimentally investigated the thermal performance of CEUSC
by incorporating ZnO/Ethylene glycol-pure water nanoﬂuids. Gao et al [7] carried out parametric studies of the
EUSCIPR and assessed its efﬁciency. Naik et al [8, 9]
experimentally assessed the CEUSC performance connected in series and developed a time dependent numerical
model to analyze the CEUSC system heat gain, outlet
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Figure 1. Cross sectional view of CEUSC [5].

Figure 2. Cross sectional view of EUSCIPR.

temperature and efﬁciency. Further, energy and exegetic
performances of CEUSC is also investigated. Ataee and
Ameri [10] examined the energy exchange and exergy
efﬁciency of different U–tube conﬁgurations of evacuated
tube solar collector. Singh and Vardhan [11] experimentally investigated the thermal performance of evacuated
tube solar collector solar air heater by employing helical
inserts. Yildirim and Yurddas [12] assessed the thermal
performance of hybrid and mono nanoﬂuid U–tube solar
collector system numerically.
It is observed from numerical and experimental investigations reported in the literature that, very few numerical
studies assessed the heat gain and temperature variation
along the longitudinal direction of the U-tube [4, 6]. Limited experimental research works have been carried out for
analyzing the thermal performance of the CEUSC and
EUSCIPR in accordance with humid climates i.e. at humid
ambient conditions, the increment in heat transfer ﬂuid
temperature, heat gain and efﬁciency along the CEUSC and
EUSCIPR [7, 9]. Further, most of the published numerical
models consume more computation effort and follow
complicated numerical approach of whole evacuated U–
tube solar collector in longitudinal and transverse directions
[2–5, 7, 9]. Therefore, in this paper, a simpliﬁed 3D model

is developed for assessing and comparing the performance
of both CEUSC and EUSCIPR along the longitudinal
direction of the U-tube. The developed model simpliﬁes the
approach for predicting the thermal performance of both
CEUSC and EUSCIPR by analyzing the heat incident on
the U-tube solar collector and by not focusing on entire
evacuated U-tube solar collector. Thus, this approach will
reduce the computational time and ease in performance
prediction of CEUSC/EUSCIPR. In addition, profound
experimental investigations on CEUSC and EUSCIPR are
carried out by studying the variation in HTF temperature,
HTF energy intake and thermal efﬁciency during a sunny
day in humid climatic conditions.

2. Experimental and numerical methodologies
2.1 Experimental test facility details and working
procedure
Schematic of solar collector system is presented in ﬁgure 3.
Major components of this system are evacuated tube,
U-tube, data acquisition system, water tank (WT) (capacity:
500 lit), pyranometer and turbine type ﬂow meter (TF).

Sådhanå (2021)46:137

Page 3 of 11

137

Figure 3. Schematic view of solar collector system (CT-Collection tank; TF-Turbine type ﬂow meter; WT-Water tank).

Additionally, a parabolic reﬂector made up of stainlesssteel sheet of 0.3 mm thickness is integrated with the
evacuated tube for the EUSCIPR. Water and copper are
used as heat transfer ﬂuid and U-tube material, respectively.
Initially, the cold water enters the solar collector through a
ﬂow regulator (control value) from the cold-water storage
tank located at an altitude of 1.3 m from the basement
(ground level) in a ﬂexible plastic tank as shown in ﬁgure 3.
The ﬂow regulator is used to regulate the ﬂow rate. To
monitor the ﬂow rate of the HTF, turbine type ﬂowmeter
with an accuracy of ±3.1% is ﬁtted in between the ﬂow
regulator and solar collector. The required water level in the
water tank is maintained using a ﬂoat ball valve. T-type
thermocouples with an accuracy of ± 0.5C are positioned
at the inlet and outlet of the evacuated U-tube and to the
open atmosphere for measuring the cold water, hot water,
and ambient temperatures, respectively. Pyranometer of
Apogee: Model SP—110 with an accuracy of ± 3 W/m2 is
used for measuring the impended solar intensity on the
EUSCIPR/CEUSC. To acquire the outputs obtained from
thermocouples and pyranometer, data acquisition system of
Agilent—34972A model is used. Number of experiments
for each dataset has been repeated for three times to
accurately calibrate the outlet condition for the given inlet
condition.
The thermal heat absorbed by evacuated tube from solar
radiation is exchanged to the HTF through a copper U-tube.
In case of EUSCIPR, an additional heat is obtained through
a parabolic reﬂector. Thus, the HTF gets heated up and
enters the collection tank (CT) from the solar collector. A
wooden stand is mounted below the EUSCIPR/CEUSC for
ﬁxing the inclination angle. In accordance with Guwahati

solar irradiance data, solar collector inclination angle is
ﬁxed as -60 along Y-direction [1]. The parabolic shape
for the EUSCIPR is designed by measuring the focal point.
The dimensions, thermal properties and operating parameters of the EUSCIPR/CEUSC are listed in table 1. 2.1a
Performance Parameter:
(a) Thermal efﬁciency (g):
The thermal performance of the EUSCIPR/CEUSC is
speciﬁed as the function of thermal heat absorbed by HTF
(QHTF) to the effective solar intensity impended onto the
surface area of the collector (Ac) [6, 9]. It is obtained as
g¼

QHTF
Xq Ac

ð1Þ

CEUSC:


QHTF;c m_ HTF cp;HTF THTF;o  THTF;i
gc ¼
¼
2pXq;c Dc Lc
Xq;c Ac

ð1aÞ

EUSCIPR:


m_ HTF cp;HTF THTF;o  THTF;i
QHTF;p

¼

 ð1bÞ
gp ¼
Xq;p 2pDc Lc þ 0:5prp Lp
Xq;p Ac þ Ap
where ‘Xq’ is the thermal heat intake by the evacuated tube
(kW/m2), Dc is the diameter of the absorber tube (m), Lc is
the absorber tube length (m), Lp is the length of the parabolic reﬂector (m) and rp is the local radius of the parabolic
reﬂector (m). For CEUSC and EUSCIPR, thermal heat
intake by the evacuated tube are calculated as Xq,c = sg,osg,iacI and Xq,p = sg,osg,iacI(1?(qrF12)), respectively.

137

Page 4 of 11

Sådhanå (2021)46:137

2.1b Uncertainty Analysis: Using Kline and McClintock
method [9, 16], the uncertainties in the dependent parameters such as thermal heat absorbed by HTF (QHTF) and
solar collector thermal efﬁciency (g) are estimated using
Eqs. (2) and (3) and the respective estimated values are
±3.1% and ±3.3%.
The uncertainty in thermal heat absorbed by HTF is
estimated using Eq. (2)
DQHTF
sﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ

2 
2 
2
oQHTF
oQHTF
oQHTF
DðDTHTF Þ
¼
Dm_ HTF þ
DCp;HTF þ2
om_ HTF
oCp;HTF
oðDTHTF Þ

ð2Þ
The uncertainty in thermal efﬁciency is estimated using
Eq. (3)
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
s
2 
2ﬃ
og
og
Dg ¼
ð3Þ
DQHTF þ
DAc
oQHTF
oAc
In Eq. (3), the thermal heat intake by the evacuated tube
(kW/m2) is taken as constant. Thus, the uncertainty of QHTF
and solar collector area are calculated. Where the uncertainty in measurement of solar collector area is determined
using Eq. (4) as
s
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
2 
2
oAc
oAc
ð4Þ
DAc ¼
DDc þ
DLc
oDc
oLc

2.2 Thermal model
Performing experimental study is always complicated for
predicting the variation of HTF temperature along the
U-tube. Therefore, a 3D model is proposed for assessing the
variation. Moreover, using the developed model, HTF
temperature difference and thermal efﬁciency of both the
EUSCIPR and CEUSC are also predicted and compared. To
develop the thermal model over a computational domain,
COMSOL Multiphysics 5.0 is considered as a numerical
tool. Figure 4 presents the sectional view of the U shaped

HTF tube of a solar collector. In this model, copper is
employed as U-tube material and water is chosen as heat
transfer ﬂuid. The numerical solver used in the present
study is PARDISO and it is an inbuilt non-linear solver
exits within the CFD simulation tool—COMSOL Multiphysics 5.0. In this study, the system of governing equations used for determining the HTF temperature difference,
thermal heat absorbed by the HTF and thermal efﬁciency of
the EUSCIPR/CEUSC, need to be solved nonlinearly.
Hence, non-linear PARDISO solver is chosen. Further, to
solve the numerical model with least possible simulation
time and due to high nonlinearity nature of the proposed
model, the obtained solution diverges for any value of the
convergence criterion greater than 10-3. Hence, the convergence criterion for ﬂow rate and temperature are tuned
to be at 10-3. The numerical simulations are carried out
using Dell T7610 workstation, ﬁtted with two Intel Xeon
E5-2650 V2 processors and 64 GB 1866 MHz RAM. The
assumptions taken for reducing the complexity of the
developed model are,
• HTF is incompressible, isotropic, and Newtonian.
• Effect of buoyancy is approximated using Boussinesq
equation.
• Heat change occurred due to the presence of process
air in-between evacuated tube and U-tube is negligible
[15].
2.2a Governing equations: To analyse the HTF ﬂow
behavior inside the U-tube, continuity and momentum
equations are used (Eqs. 5 and 6). For assessing the convective heat transfer from wall surface of the U-tube to the
HTF, energy equation is implemented (Eq. 7). The effect of
buoyancy in momentum equation is catered using Boussinesq approximation and is expressed as gzb(T - Tu)
(Eq. 6c). The governing equations (Eqs. 5–7) are solved
using PARDISO solver.
Continuity equation
q

oVHTF;x
oVHTF;y
oVHTF;z
þq
þq
¼0
ox
oy
oz

ð5Þ

Table 1. Speciﬁcations, thermal properties, and operating parameters selected for performance analyses of EUSCIPR/CEUSC.
a. Speciﬁcations.
Outer diameter of outer glass (cm)
Outer glass thickness (cm)
Outer diameter of inner glass (cm)
Inner glass thickness (cm)
Air gap (cm)
U-tube outer diameter (cm)
U-tube inner diameter (cm)
Collector tube length (m)
Parabolic reﬂector length (m)
Focal point (cm)

5.8
0.2
4.7
0.2
0.1
0.1
0.95
1.8
1.6
3.8

b. Thermal properties [13–15].
Glass tube transmittance
Coating material absorptivity
Parabolic reﬂector reﬂectivity
HTF density (g/cm3)
HTF speciﬁc heat capacity (kJ/kg–K)
U-tube material conductivity (W/m–K)
c. Operating range.
Ambient temperature (C)
Solar radiation (kW/m2)
HTF inlet temperature (C)
HTF ﬂow rate (g/s)

0.9
0.9
0.9
1
4.2
307
26–34
0.52–1.08
23–38
6–24
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Figure 5. Mesh generated across the inlet, outlet, and U-bend of
the U-tube [9].

• Constant heat input at the U-tube outer surface i.e. Xq,c
= sg,osg,iacI (for CEUSC); Xq,p = sg,osg,iacI(1?(qrF12))
(for EUSCIPR).
where Xq is amount of heat impended on the U-tube
(kW/m2), I is solar radiation (kW/m2), ac is coating
material absorptivity, qr is reﬂectivity of the parabolic
reﬂector, sg,o and sg,i are outer and inner glass surfaces
transmissivity and F12 is view factor from parabolic
reﬂector to evacuated U-tube surface (F12 = 0.424).

Figure 4. U-tube solar collector module [9].

Momentum Equation

VHTF;x
Component x

VHTF;x
Component y

oVHTF;x
oVHTF;x
oVHTF;x
oVHTF;x
oVHTF;x
oVHTF;x
þ VHTF;y
þ VHTF;z
VHTF;x
þ VHTF;y
þ VHTF;z
ox
oy
ox
oz
 oz
 oy
1 oP l o2 VHTF;x o2 VHTF;x o2 VHTF;x
þ
þ
þ
¼
q ox q
ox2
oy2
oz2

ð6aÞ

oVHTF;y
oVHTF;y
oVHTF;y
oVHTF;y
oVHTF;y
oVHTF;y
þ VHTF;y
þ VHTF;z
VHTF;x
þ VHTF;y
þ VHTF;z
ox
oy
ox
oz
 oz
 oy
1 oP l o2 VHTF;y o2 VHTF;y o2 VHTF;y
þ
¼
þ
þ
q oy q
ox2
oy2
oz2

ð6bÞ

Component z
oVHTF;z
oVHTF;z
oVHTF;z
þ VHTF;y
þ VHTF;z
VHTF;x
ox
oy
oz



 l o2 VHTF;z o2 VHTF;z o2 VHTF;z
¼ g z b T  Tu þ
þ
þ
q
ox2
oy2
oz2
ð6cÞ
Energy Equation


oT
oT
oT
þ VHTF;y
þ VHTF;z
qCp;HTF VHTF;x
ox
oy
oz
 2
2
2 
o T oT oT
þ
þ
¼k
ox2 oy2 oz2

ð7Þ

2.2b Boundary conditions:
• HTF velocity (VHTF) and atmospheric pressure (P= Pu
= 101.3 kPa) are employed as boundary conditions at
the inlet and outlet of the U-tube, respectively.

2.2c Mesh generation and grid independence test: Free
unstructured triangular and tetragonal elements are used for
meshing the domains and boundaries of the U-tube (ﬁgure 5). Finer mesh is imposed for assessing the velocity
gradient at the HTF entrance/exit, along the HTF boundary
layer and along the ‘U’ bend. Grid independency of the
developed model has been carried out for different mesh
element sizes and the dependency of numerical simulation
results on mesh elements is plotted in ﬁgure 6. It is found
that for a given inlet condition (table 2), the mesh elements
of 3, 23, 523 is observed to be optimum for the present
investigation. Below the above-mentioned mesh elements,
the estimated HTF temperature difference variation is high.
This reveals that convergence issue arises below the 3, 23,
523 mesh elements and numerical simulation demands high
number of mesh elements for assessing the heat gain from
the EUSCIPR/CEUSC. Thus, in this study for numerical
analyses of the EUSCIPR and CEUSC, the mesh elements
of 3, 23, 523 is chosen.
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Figure 7. Water inlet and exit temperatures variation for
EUSCIPR and CEUSC, ambient temperature and solar intensity
variations during sunny day.

Figure 6. Grid independence test for CEUSC and EUSCIPR.

Table 2. Inlet condition for analysing the HTF ﬂow variation
along the U-tube of EUSCIPR and CEUSC.
Ambient
temperature
(C)
30

HTF
temperature
(C)
31

HTF ﬂow
rate
(g/s)
15

Solar
intensity
(kW/m2)
0.81

3. Results and discussion
3.1 Experimental results and discussion
In ﬁgures 7–9, the variation of HTF (water) inlet and exit
temperatures, HTF heat gain and thermal efﬁciency of the
EUSCIPR and CEUSC and the variation in solar intensity
and ambient temperature during a sunny day are analysed
experimentally. While conducting experiments, the performance characteristics of the EUSCIPR and CEUSC were

measured separately (i.e., one after one) during a sunny
day.
Figure 7, presents the variation of solar intensity and
ambient temperature and the variation of water inlet and
outlet temperatures of CEUSC/EUSCIPR recorded during
a sunny day. During the experimental analysis, the solar
radiation incident on the CEUSC and EUSCIPR and the
ambient temperature were observed to vary from 423 to
867 W/m2 and 23 to 32C with an average of 710 W/m2
and 28C, respectively. The HTF inlet temperature coming from water tank (WT) was slightly greater than the
ambient temperature. This was due to accumulation of
sensible heat along the ﬂexible plastic pipe which was
connected in between the WT and solar collector (ﬁgure 3). The maximum and minimum HTF temperature
differences between the inlet and outlet was observed to
be 6.3C and 4.0C for CEUSC and 7.5C and 4.8C for
EUSCIPR at around 1:20 PM and 5:15 PM, respectively.
This happens due to high solar intensity (867 W/m2) at
1:20 PM and low solar intensity (423 W/m2) at 5:15 PM.
Further, it is also observed from ﬁgure 7 that although
there is a drastic change in solar intensity during peak
(1:20 PM) and non-peak (5:15 PM) hours, but the variation in water temperature difference during peak and nonpeak hours is low. It happens because during the non-peak
hours although there is a low intensity but due to the
accumulation of radiant heat across the evacuated tube,
the water temperature difference variation found to be
low. Also, from the experimental observations, it is
understood that the impact of wind velocity on performance of the EUSCIPR/CEUSC is negligible [8, 9]
whereas the solar irradiance has high impact on the
EUSCIPR/CEUSC performance (ﬁgure 7) i.e., with
increase in solar irradiance/intensity, the energy intake by
the HTF increases and vice versa during the sunny day.
Figure 8, shows energy intake/heat gained by the HTF in
CEUSC and EUSCIPR during a sunny day. During experiments, it was observed that, the heat gain was high at 12:30
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Figure 8. Variation in energy intake by the heat transfer ﬂuid
(water) in EUSCIPR and CEUSC during a sunny day.

Figure 10. Validation of developed model with the ﬁeld test data
for HTF temperature change along the U-tube.
Figure 9. Thermal efﬁciency variation for the EUSCIPR and
CEUSC during sunny day.

PM (QHTF,p-0.46 kW/m2) and 1:30 PM (QHTF,c-0.39 kW/
m2) and low at 5:00 PM (QHTF,p-0.33 kW/m2 and QHTF,c0.27 kW/m2) for the EUSCIPR and CEUSC, respectively.
This happens due to high HTF temperature change at the
entrance and exit of the solar collector and high solar
intensity during peak hour (EUSCIPR-12:30 PM/CEUSC1:30 PM) compared to non-peak hour (5:00 PM). Further,
from ﬁgure 8, it is also found that ﬂuctuation of HTF
energy intake is more in case of EUSCIPR. This happens
because of non-uniform solar radiation impended on the
parabolic reﬂector.
Variation in thermal efﬁciency for EUSCIPR and
CEUSC during a sunny day is shown in ﬁgure 9. It is found
that the thermal efﬁciency of CEUSC is varied from 50 to
59% whereas for EUSCIPR and from 40 to 53%. Further,
the average thermal efﬁciency of the EUSCIPR and
CEUSC are observed to be 54% and 46%, respectively. It is
also seen from ﬁgure 9 that the thermal efﬁciencies of the

EUSCIPR and CEUSC are more or less uniform whole day.
This indicates that both the solar collectors provide consistence performance. Moreover, it is observed that thermal
efﬁciency variation for the EUSCIPR and CEUSC during
sunny day initially follow the same decreasing trend.
However, after 10 AM both try to show opposing trend
until 2.30 PM and thereafter shows the same increasing
trend. This happens because from 10:00 AM although the
solar intensity increases but the heat gained by the HTF in
CEUSC is low compared to EUSCIPR due to the incorporation of parabolic reﬂector. After 2:30 PM, the HTF heat
gain with respect to solar intensity incident proportionality
found to increase and follow similar trend for EUSCIPR
and CEUSC. Hence, thermal efﬁciency observed to
decrease for CEUSC and increase for EUSCIPR after 10:00
AM until 2:30 PM and then, it found to follow the similar
trend.

3.2 Numerical model validation
For validating the developed thermal model, theoretically
predicted HTF entrance and exit temperature difference
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Figure 11. Water temperature variation contour plots for CEUSC and EUSCIPR.

along the EUSCIPR/CEUSC is compared with the ﬁeld test
data as shown in ﬁgure 10. From ﬁgure 10a, it is found that
within the given operating range (table 1), numerically

predicted data for HTF temperature change in-between the
entrance and exit of the EUSCIPR/CEUSC is in good
agreement with ﬁeld test values and the maximum

Sådhanå (2021)46:137

Figure 12. Variation in thermal efﬁciency with the normalized
heat gain (NHG) for the conventional and parabolic reﬂector
integrated evacuated U-tube solar collectors.

deviation is observed to be  0.4C. Also, the developed
model has been validated with the experimental data
available in the literature [5] to gain conﬁdence in utilizing
the proposed model with any set of experimental data
(ﬁgure 10b). It has been observed from ﬁgure 10b that the
developed model has reasonable agreement with the
experimental data and found a maximum possible error of
 0.7C.

3.3 Numerical results and discussion
In this section, the numerically predicted HTF temperature
variation along the U-tube (ﬁgure 11) and thermal efﬁciency (ﬁgure 12) of both the EUSCIPR and CEUSC are
discussed. For a given inlet condition (table 2), the computational time obtained for the developed model and
reported model reported in the literature [8, 9] are observed
to be 3 hours, 18 hours [8] and 12 hours [9], respectively.
Thus, it can be understood that for an inlet condition, the
computational time is low compared to other models
reported in the literature.
For a given inlet condition (table 2), the contour plots for
HTF temperature gradient along the U-tube for both the
EUSCIPR and CEUSC are presented in ﬁgure 11. It is seen
from ﬁgures 11a and 11b that as the length of the collector
increases from 0 to 1.8 m (approximately), there is a signiﬁcant raise in HTF temperature. But from 1.8 m (approximately) to 0 m collector length, there is negligible
increment in HTF temperature. It is because of high temperature change in-between the HTF and U-tube inner
surface at the entrance of the U-tube solar collector and this
temperature difference decreases as the collector length
increases. Therefore, at the exit of the U-tube, HTF temperature variation is low for both the CEUSC and
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EUSCIPR (see ﬁgure 11). It is also found from ﬁgure 11
that for given operating condition (table 2), HTF temperature change in-between the entrance and exit of the U-tube
is 5.2C and 7.6C for CEUSC and EUSCIPR, respectively.
From this observation, it is realized that the HTF temperature difference is high for EUSCIPR compared to CEUSC.
Figure 12 shows the variation in thermal efﬁciency with
NHG ((Tm - Tamb)/I) for both the conventional and parabolic reﬂector integrated evacuated U-tube solar collectors.
It is found that for given operating range (table 1), with
increase in NHG from 1.5 m2-K/kW to 12.5 m2-K/kW, the
thermal efﬁciency decreases by 27% and 15% for
EUSCIPR and CEUSC, respectively. From this analysis, it
is observed that with decrease in temperature change
between the HTF and ambient air, the heat loss from solar
collector to the surroundings increases. Further, from ﬁgure 12, it is also found that for a given NHG of 2 m2-K/kW,
the thermal efﬁciency of the EUSCIPR is 14.1% higher
than the CEUSC. This indicates that EUSCIPR performs
better than CEUSC. This happens because of additional
heat impended on the bottom surface of the evacuated
U-tube due to the incorporation of parabolic reﬂector.

4. Conclusions
Experimentally studied the performance of fabricated
EUSCIPR and CEUSC. A 3D model is proposed for
assessing the performances of both EUSCIPR and
CEUSC. Within the given range of operating parameters,
theoretically predicted HTF outlet temperature of the
CEUSC and EUSCIPR matches well with the ﬁeld test
data. The variation in thermal efﬁciency, heat gain and
HTF outlet temperature with time during a sunny day for
the EUSCIPR and CEUSC are analysed experimentally.
By choosing the thermal efﬁciency and HTF temperature
variation along the U-tube as performance parameters,
theoretically compared the thermal performance of the
EUSCIPR and CEUSC using the developed numerical
model. Key observations obtained from the experimental
and numerical data investigations are detailed as follows.
• During peak and non-peak solar intensities i.e., at I =
867 W/m2 and I = 423 W/m2, the maximum and
minimum HTF outlet temperature differences and heat
gains were observed as 6.3C and 4.0C and 0.39 kW/
m2 and 0.27 kW/m2 for CEUSC whereas for
EUSCIPR, the respective values were 7.5C and
4.8C and 0.46 kW/m2 and 0.33 kW/m2, respectively.
• The estimated average thermal efﬁciencies for the
CEUSC and EUSCIPR were observed as 54% and
46%, respectively.
• From the numerical investigations, it is found that for a
speciﬁed range of operating parameters, the HTF
temperature difference and thermal efﬁciency of the
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EUSCIPR are 2.4C greater and 14.1% higher than the
CEUSC.
• Proposed 3D model reduces computational time and
ease in application compared to developed models
reported in the literature.
Further, the proposed model can be applicable for
assessing the thermal performance of solar collector bundle
(manifold connected in series or parallel) with and without
ﬁxing the parabolic reﬂector. In addition, the present model
can also be applicable for assessing thermal performance of
different HTF and U-tube material combinations.

List of symbols
Ac
Absorber tube surface area (m2)
cp
SPECIFIC heat (kJ/kg-K)
Absorber tube diameter (m)
Dc
F12
View factor from parabolic reﬂector to evacuated
tube surface
gz
Gravitational pull along the Z-direction (m/s2)
I
Solar intensity (kW/m2)
k
Material thermal conductivity (W/m-K)
Absorber tube length (m)
Lc
m_ HTF HTF ﬂow rate (g/s)
P
Pressure (Pa)
QHTF HTF heat gain (kW)
T
Temperature (K)
Tw
Temperature variation for CEUSC (K)
Temperature variation for EUSCIPR (K)
Twp
VHTF HTF velocity (m/s)
Greek letters
ac
Coating material absorptivity
b
Thermal expansion coefﬁcient (1/K)
g
Thermal efﬁciency (%)
Xq Effective heat absorbed (kW/m2)
l
Dynamic viscosity of HTF (Pa-s)
sg,i Inner glass transmissivity
sg,o Outer glass transmissivity
qr
Reﬂectivity of the parabolic reﬂector (kg/m3
Subscripts
amb
Ambient air
c
Conventional
HTF,o HTF outlet
HTF,i HTF inlet
i
Inlet
m
Mean
o
Exit/outlet
p
Parabolic
u
Reference
Abbreviations
CEUSC
Conventional evacuated U-tube solar collector
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EUSCIPR
HTF
NHG
TF
WT

Evacuated U-tube solar collector integrated
parabolic reﬂector
Heat transfer ﬂuid
Normalized heat gain
Turbine type ﬂow meter
Water tank
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