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Abstract: The thermal enhancement of parabolic trough collectors is a critical issue and numerous
ideas have been applied in the literature on this domain. The objective of this paper is to investigate
some usual thermal enhancement techniques for improving the performance of evacuated and
non-evacuated receivers of parabolic trough solar collectors. More specifically, the use of twisted tape
inserts, perforated plate inserts, and internally finned absorbers are compared with the reference case
of the smooth absorber. The analysis is conducted with a developed and validated thermal model in
Engineering Equation Solver. The collector is investigated for a typical flow rate of 100 L/min and for
inlet temperatures between 50 ◦C and 350 ◦C with Syltherm 800 as working fluid. According to the
final results, the use of internally finned absorber leads to the highest thermal efficiency enhancement,
which is up to 2.1% for the non-evacuated collector and up to 1.6% for the evacuated tube collector.
The perforated plate inserts and the twisted tape inserts were found to lead to lower enhancements,
which are up to 1.8% and 1.5%, respectively, for the non-evacuated collector, while they are up to
1.4% and 1.2%, respectively, for the evacuated collector. Moreover, the pressure drop increase with
the use of the thermal enhancement methods is investigated and the use of internally finned absorber
is found again to be the superior technique with the performance evaluation criterion to be ranged
from 1.5 to 1.8 for this case.

Keywords: thermal enhancement; parabolic trough collector; twisted tape insert; internal fin;
perforated plate insert

1. Introduction

Solar energy exploitation is one of the most promising ways for facing important issues as the
fossil fuel depletion, the global warming and the increasing worldwide energy consumption [1,2].
Concentrating solar collectors are technologies that can be applied in a great range of applications,
such as space-heating, space-cooling, refrigeration, domestic hot water production, chemical processes,
industrial heat, desalination, and electricity production [3–5].

The most mature solar concentrating technology is the parabolic trough solar collector (PTC),
which is a linear concentrating technology with a concentration ratio from 10 up to 50. This collector
has been used in various applications for temperatures of up to 400 ◦C with thermal oil and up to
550 ◦C with molten salts [6].

Usually, the receiver of the PTC is an evacuated tube receiver that consists of a metallic inner
tube where the heat transfer fluids flow and an external cover tube made of glass. Between these
materials there are vacuum conditions (extremely low pressure), and so the convection thermal losses
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of the absorber are eliminated. This technique leads to increased thermal performance, especially for
operating at high-temperature levels. However, the use and maintenance of the vacuum inside the
tube is a critical issue that increases the capital cost of the PTC. So, there are many applications which
use a non-evacuated tube in order to reduce the installation cost. Moreover, there are many cases
where the vacuum is lost and so the tubes operate as non-evacuated tubes. In these cases, the thermal
performance of the PTC is reduced compared to the respective design with evacuated tubes.

The thermal performance of the PTC is a critical issue because it determines their feasibility and
their further evolvement. On this direction, a lot of research has been conducted in order to find
ways of enhancing the thermal performance of PTC. These techniques are important for operating at
high-temperature levels where the thermal losses are high and they really influence the total system
performance. Usually, these techniques are accompanied with an increase in the pressure drop along
the tube, and this is a critical issue that has to be taken into consideration when these methods
are evaluated.

The main idea of these techniques is the increase of the heat transfer coefficient between the
absorber tube and the working fluid. These techniques can be separated into two main categories [7];
the use of modified absorber geometries and the use of nanofluids as working fluid. Both methods
have extensively examined in the literature for PTC and they are able to increase the thermal
performance. However, the use of nanofluids faces important limitations that are associated with the
high nanofluid cost, the agglomeration problems, and the lifespan of the nanofluids [8,9]. Thus, the
use of nanofluid-based PTC is not yet ready to be commercialized and to be widely extended.

On the other hand, the use of thermal enhancement techniques that are based on modified
absorbers is an attractive way because they can be applied with a relatively low-cost in the PTC
receivers. Numerous ideas have been examined in the literature as the use of inserts [10] (twisted
tape, perforated plate, porous discs, wire coils, etc.), as well as the use of internally modified absorber
surface with internal fins or dimples [11].

One of the most usual techniques is the use of twisted tape inserts inside the flow.
Jaramillo et al. [12] performed an experimental study with water working fluid and twisted tape
inserts in a PTC. They finally found the maximum thermal efficiency enhancement to be up to 10%
with 400% increase in the Nusselt number and 2000% increase in the friction factor. Mwesigye et al. [13]
investigated the use of wall-detached twisted tape inserts with Syltherm 800 as working fluid in a PTC.
They found thermal efficiency enhancements of up to 10% with an increase in the Nusselt number of
370% and 600% increase in the friction factor. The performance evaluation criterion (PEC) was found
to be ranged from 0.74 to 1.27. Moreover, in other literature studies, Ghadirijafarbeigloo et al. [14]
found an increase in the Nusselt number of 110% with louvered twisted tape insert, Zhu et al. [15]
of 210% with wavy-tape insert, Chang et al. [16] of 190% with conventional twisted tape insert, and
Rawani et al. [17] of 350% with a serrated twisted tape insert. Furthermore, other investigated ideas
are the use of two twisted tape inserts [18] and the use of helical screw tape insert [19].

Another interesting idea is the use of wire coil inserts in the PTC absorber. Divan and Soni [20]
found that this technique leads to a 330% increase in the Nusselt number and about 23 times greater
friction factor when compared to the reference case. Similar results were found by Sahin et al. [21]. The
use of metal foams have been investigated by Jamal-Abad et al. [22] and it is found to be a 3% thermal
efficiency enhancement with 20 times greater friction factor. Moreover, Wang et al. [23] found seven
times greater Nusselt number and 16 times greater friction factor with metal foams. The perforated
plate inserts have been examined by Mwesigye et al. [24,25] with Syltherm 800. They found up to a 8%
thermal efficiency enhancement, 250% Nusselt number increase, and about 25 times greater friction
factor when compared to the plain tube. The use of an eccentric rod insert has been suggested and
examined by Chang et al. [26]. They found Nusselt number increase up to seven times and friction
factor increase of up to 11 times, with the performance evaluation criterion (PEC) to reach up to values
that are close to 3.
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The use of porous discus is also a usually investigated idea in the literature. Ghasemi and
Ranjbar [27] found that this technique leads to a 50% increase in the Nusselt number coefficient and
a 1000% increase in the friction factor, while Kumar and Reddy [28] 64% and 1500%, respectively.
In Reference [29], the thermal efficiency enhancement with this method was found to be up to 6%,
while in Reference [30], the Nusselt number increase was found 31% and the friction factor increase
2000%. Lastly, Zheng et al. [31] investigated the use of porous discs with steam, and they found a 3%
thermal efficiency enhancement, 350% Nusselt number increase, and a 100 times greater friction factor.

The next part of the literature includes studies with modifications in the inner absorber surface.
Numerous ideas have been suggested by the researchers, which are innovative or they have been
taken from the general heat transfer field. Cheng et al. [32] investigated the use of vortex generators
in the down part of the absorber tube and they found a 60% Nusselt number increase and a 150%
friction factor increase. A similar idea has been examined by Xiangtao et al. [33] using pin fin arrays
in the down part of the absorber tube. They found a 3% Nusselt number enhancement and a 20%
friction factor increase. The use of two greater fins in the down part of the absorber has been studied
by Benabderrahmane et al. [34], and they found a 68% Nusselt number increase and a 60% friction
factor increase. In the same direction, Reddy et al. [35] investigated the use of porous fins in the down
part of the absorber, and they found a 40% increase in the Nusselt number and a 120% increase in
the friction factor. The use of longitudinal rectangular internal fins in the entire absorber periphery
has been examined by Bellos et al. [36–40] for operation with gas working fluids [36–38] and liquids
working fluids [39,40]. The thermal enhancement with gas working fluids is found to be up to 7%,
while the maximum Nusselt number enhancement of 500% accompanied with a 150% increase in the
friction factor. On the other hand, the use of internal longitudinal rectangular fins with liquids leads up
to 1.5% thermal efficiency enhancement, with about two times greater Nusselt number and up to eight
times greater friction factor. Recently, Bellos et al. [41] investigated the optimum number of internal
fins, as well as the optimum location of the internal fins. Conducting a multi-objective evaluation
method, they found the best design to be with three fins in the down part of the absorber. Furthermore,
the use of helical fins has been studied by Munoz and Abanades [42,43].

Alternative ideas have been also investigated. Fyqiang et al. [44] studied an asymmetric outward
convex corrugated absorber in a PTC and they found a 150% Nusselt number increase and only a 15%
increase in the friction factor. Huang et al. [45] found that a dimpled absorber leads to a 35% Nusselt
number increase and to 5% higher friction factor. Bitam et al. [46] studied the use of a sinusoidal
absorber shape tube. They found a 3% thermal efficiency enhancement with a penalty in the friction
factor of 50%. This design leads to 60% Nusselt number increase, 40% friction factor increase, and to
a performance evaluation criterion (PEC) of around 1.35. Furthermore, Bellos et al. [47] studied
a converging-diverging absorber tube with a sinusoidal profile only in the internal side of the absorber.
They found a 4.55% mean thermal efficiency enhancement with this design.

Lastly, it is important to state about two comparative studies. Too and Benito [10] compared the
use of dimpled absorber tube, as well as the use of twisted tape inserts and the use of coil inserts. They
found that the dimpled absorber tube is the best case among the examined. Moreover, Huang et al. [48]
compared the use of internal dimples, protrusions, and helical fins in the absorber of a PTC. They found
the use of dimples to be generally the best case with the use of prostrations to be the second choice.

The previous literature review indicates that there is a lot of research in the field of thermal
enhancement methods in PTC. Numerous ideas have been examined in thermal and hydraulic
studies. Generally, every study investigated only one method, while there are only two comparative
studies [10,48]. In this direction, this paper is a comparative study among three usual thermal
enhancement methods of the literature. More specifically, the use of twisted tape inserts, the use
of perforated plate inserts, as well as the use of longitudinal fins are the investigated thermal
enhancement method. To our knowledge, there is no other study in the literature that compares
these thermal enhancements methods, and generally, the comparative studies are restricted. So, this
work is innovative because it comes to present with a systematic way the comparison among three



Energies 2018, 11, 1129 4 of 28

usual thermal enhancement methods. Moreover, this study investigates the use of these thermal
enhancement methods in evacuated and non-evacuated tube collectors, which is something that is very
important. The thermal enhancement of the non-evacuated tubes is a critical issue, because, in these
cases, there is a higher need for performance enhancement due to the high thermal losses. So, this
study presents a clear way that the performance enhancement margin with three typical methods and
for both evacuated and non-evacuated tubes.

The analysis is performed with a developed thermal model in Engineering Equation Solver
(EES) [49], which is validated by literature experimental results. The validation procedure regards
both the evacuated and the non-evacuated absorbers, and it is conducted for the thermal efficiency
and the thermal losses. Moreover, it is important to state that a similar thermal model has been applied
in our previous works [50–57], so the present methodology is an acceptable one. The modeling of the
thermal enhancement methods is performed using literature equations about the Nusselt number and
the friction factor for studies about PTC.

2. Material and Methods

2.1. The Examined Solar Collector

The examined PTC is the LS-2 module that is a usually studied PTC case in the literature. This
module has been examined experimentally by Dudley et al. [58], while it has been examined by various
numerical studies as the work of Foristall [59]. Figure 1 illustrates the investigated solar collector. The
examined module has 7.8 m length, 5 m width, and 1.71 m focal distance. The absorber tube has 66 mm
inner diameter and 70 mm outer diameter, while the glass covers 109 mm inner diameter and 115 outer
diameter. The absorber tube has cermet coating in order to reduce the radiation thermal losses.
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Figure 1. The investigated LS-2 module designed in SolidWorks.

The maximum optical efficiency of this system is about 73.3%, as it is stated in References [58,59].
More specifically, the cover transmittance is selected 93.5%, the absorber absorbance 95%, and the
equivalent concentrator reflectance 82.6%. It is essential to state that the equivalent reflectance includes
various optical errors as tracking error, geometrical errors, and clearness factors for the concentrator
and the receiver [60]. Table 1 includes all of the information about the examined PTC. The working
fluid is Syltherm 800 [61], which can operate in liquid phase from −40 ◦C up to 400 ◦C.
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Table 1. Basic parameters of the examined module [58–60].

Parameter Symbol Value

Module width Wa 5.0 m
Module length L 7.8 m

Module focal distance F 1.71 m
Module aperture Aa 39.0 m2

Concentration ratio C 22.74
Receiver inner diameter Dri 66 × 10−3 m
Receiver outer diameter Dro 70 × 10−3 m

Cover inner diameter Dci 109 × 10−3 m
Cover outer diameter Dco 115 × 10−3 m

Cover emittance εc 0.860
Maximum optical efficiency ηopt,max 0.753

Cover transmittance τ 0.935
Absorber absorbance α 0.960
Equivalent reflectance r 0.826

2.2. Basic Mathematical Formulation

2.2.1. Thermal Model

The basic mathematical equations for the development of the present model are given in Section 2.2
with details. The available solar irradiation on the collector aperture (Qs) is the product of the aperture
area and the direct beam solar irradiation:

Qs = Aa · Gb (1)

The thermal efficiency of the solar collector (ηth) is the ratio of the useful heat (Qu) to the solar
irradiation (Qs):

ηth =
Qu

Qs
(2)

The useful heat can (Qu) can be calculated with two ways. The first one is the energy balance on
the working fluid volume.

Qu = m · cp · (Tout − Tin) (3)

The second way is using the heat transfer between the absorber tuber and the fluid.

Qu = Aro · h ·
(

Tr − Tf m

)
(4)

The heat transfer coefficient (h) is the key parameter in this calculation. This parameter can be
estimated using the Nusselt number:

h =
Nu · k

Dri
(5)

Moreover, the mean fluid temperature (Tfm) is estimated as:

Tf m =
Tin + Tout

2
(6)

The thermal losses of the absorber to the cover (Qloss) are the same as the thermal losses of the
cover to the ambient, because the system is considered to be in steady-state conditions. The thermal
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losses of the absorber to the cover can be radiation and convection thermal losses. The convection
thermal losses exist only in the case of the non-evacuated tube case.

Qloss = Aro · σ · T4
r − T4

c
1
εr
+ 1−εc

εc
· Ari

Aco

+ Aro · hin · (Tr − Tc) (7)

The temperature levels in Equation (7) have to be in Kelvin units. For the case of the evacuated
tube collector, the (hin) is equal to zero. On the other hand, for the case of a non-evacuated tube, the
inner heat transfer coefficient (hin) between the absorber and cover is calculated using the effective
thermal conductivity method [62]:

hin =
2 · ke f f

Dro · ln [ Dci
Dro

]
(8)

The effective thermal conductivity (keff) is calculated, as below [62]:

ke f f = kair · 0.386 ·
(

Prair
Prair + 0.861

)0.25
· F0.25

g · Ra0.25
air (9)

The Prandtl number (Pr), the Rayleigh number (Ra) and the thermal conductivity (k) of the air are
calculated for the mean temperature between the cover and receiver. The geometric parameter (Fg) is
calculated as [62]:

Fg =
[ln(dci)− ln(dro)]

4(
dci−dro

2

)3
·
[
d−0.6

ci + d−0.6
ro

]5 (10)

The emittance of the selective cermet coating is calculated, as below [59]:

εr = 0.06282 + 1.208 · 10−4 · Tr + 1.907 · 10−7 · T2
r (11)

The thermal losses from the cover to the ambient are calculated as:

Qloss = Aco · σ · εc ·
(

T4
c − T4

sky

)
+ Aco · hout · (Tr − Tam) (12)

The temperature levels in Equation (12) have to be in Kelvin units. The heat transfer coefficient
between the cover and ambient (hout) is calculated as [63,64]:

hout = 4 · V0.58
wind · D−0.48

co (13)

The sky temperature (Tsky) can be calculated using the following formula [65]:

Tsky = 0.0552 · T1.5
am (14)

The energy balance on the absorber is the most important equation of this modeling. According
to this equation, the absorbed solar energy (Qabs) is separated into useful heat (Qu) and thermal
losses (Qloss).

Qabs = Qu + Qloss (15)

The absorbed solar energy is calculated using the optical efficiency (ηopt):

Qabs = ηopt · Qs (16)

The optical efficiency is dependent on the incident angle (θ) and it is expressed using the incident
angle modifier (K):

ηopt(θ) = K(θ) · ηopt,max (17)
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For the LS-2 module, the incident angle modifier (K) can be written as [58]:

K(θ) = cos(θ) + 0.000884 · θ − 0.00005369 · θ2 (18)

The incident angle (θ) is in degrees for Equation (18).

2.2.2. Hydraulic Model

The calculation of the pressure drop and the pumping work is very important for the PTC
evaluation. The pressure drop (∆P) can be calculated using the friction factor (f ):

∆P = f · L
Dri

· (1
2
· ρ · u2) (19)

The mean fluid velocity (u) is calculated as:

u =
m

ρ · π
4 · D2

ri
(20)

The pumping work demand (Wp) for the fluid movement through the absorber tube is
calculated as:

Wp =
m · ∆P

ρ
(21)

2.2.3. Evaluation Criteria of the Thermal Enhancement Techniques

The thermal enhancement techniques lead to increased thermal performance and pressure drop,
as it has been highlighted in Section 1. Thus, this situation has to be evaluated properly. Three different
criteria are used in the pressure work for the evaluation of the flow enhancement with the simultaneous
pressure drop increase, the exergy efficiency, the overall efficiency, and the performance evaluation
criterion (PEC).

The exergy efficiency (ηex) evaluates the useful heat production as possible work. Also, it takes
into account the pressure drop along the absorber tube. It is defined as the ratio of the useful exergy
production (Eu) to the exergy flow if the solar irradiation (Es):

ηex =
Eu

Es
(22)

The useful exergy production (Eu) is calculated as [50]:

Eu = Qu − m · cp · To · ln
[

Tout

Tin

]
− m · T · ∆P

ρ · Tf m
(23)

The exergy flow of the solar irradiation (Es) is calculated using the Petela model [66]:

Es = Qs · [1 −
4
3
· To

Tsun
+

1
3
·
(

To

Tsun

)4
] (24)

The temperature levels in Equations (23) and (24) are in Kelvin units. The reference temperature
(To) is selected at 298.15 K and the sun temperature (Tsun) at 5770 K.

The overall efficiency (ηovr) evaluates the pumping work demand as the equivalent primary
energy consumption and practically gives the net useful heat production of the collector:

ηovr =
Qu −

Wp
ηel

Qs
(25)
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The electrical efficiency (ηel) is the average electrical efficiency of the grid and it takes values close
to 33%. In this work, the value of 32.7% [67] is selected.

The last evaluation criterion is the performance evaluation criterion (PEC), which is a flow
criterion. This index tries to evaluate the heat transfer coefficient enhancement increase under the
equivalent conditions of “same pumping work demand”. Thus, the following equation is suggested
for this reason [68]:

PEC =
( Nu

Nuo
)(

f
fo

) 1
3

(26)

The (Nuo) and the (fo) are the Nusselt number and the friction factor of the smooth absorber
case, respectively. When the (PEC) takes values over 1, then there is flow enhancement. Higher
values of (PEC) indicate higher performance enhancement. The physical meaning of this parameter
is the enhancement of the heat transfer coefficient (h/ho) under the same pumping work conditions
between the case with the thermal enhancement method and the reference case with the smooth and
empty absorber.

2.3. The Examined Thermal Enhancement Techniques

In this section, the thermal enhancement techniques of this work are presented. Equations about
the Nusselt number and the friction factor are given for every case. It is important to state that the flow
conditions for the present work are turbulent (Re > 2300), so the equations for turbulent flow are given.

(a) Smooth case

First of all, the equations about the reference case with the smooth and empty absorber are given.
For turbulent flow conditions, the Nusselt number can be written as below, using the Dittus-Boelter
model [69]:

Nu = 0.023 · Re0.8 · Pr0.4 (27)

The friction factor (f) is calculated using the Moody equation [70]:

f = 0.184 · Re−0.2 (28)

(b) Internally finned absorber

Figure 2 illustrates the internally finned absorber tube. This absorber has rectangular longitudinal
fins and it has been examined by Bellos et al. [39,40]. In Reference [40], equations about the Nusselt
number and friction factor are given.

Nu = 0.01638 · Re0.851 · Pr0.374 · [1 + 11.2018 ·
(

t
Dri

)0.27
·
(

q
Dri

)1.024
] (29)

f =
0.2585
Re0.2386 [1 + 2.7452

(
t

Dri

)0.118( q
Dri

)0.839
exp

(
9.711 · t

Dri

)
· exp(4.01 · q

Dri
) (30)

The parameter (t) is the fin thickness and it is selected at 4 mm, while the parameter (q) is the fin
length, which is selected at 15 mm in this work. These values are reliable selections, according to the
results of Reference [40].

(c) Twisted tape inserts
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Figure 3 depicts the twisted tape insert from the study of Mwesigye et al. [13]. This insert is
a usual one in the literature, and thus it is investigated in this paper. Below, equations about the
Nusselt number and the friction factor are given:

Nu = 0.01709 · Re0.8933 · Pr0.8933 ·
(

H
Dri

)−0.4802
·
(

W
Dri

)0.3881
(31)

f = 1.1289 · Re−0.1923 ·
(

H
Dri

)−1.0917
·
(

W
Dri

)1.1802
(32)

The parameter (H) is the twisted tape half pitch and it is selected to be 66 mm, while the parameter
(W) is the twisted tape width, which is selected at 49.5 mm. These values are typical values in the
suggested range of the Reference [13].

(d) Perforated tape insert

Figure 4 depicts the perforated plate insert of study [24]. The Nusselt number and the friction
factor about this case are given below:

Nu = 0.005817 · Re0.9483 · Pr0.405
( p

L

)−0.1442
(

d
Dri

)0.4568

[1 + 0.0742 tan(β)] (33)

f = 0.1712 · Re−0.0267
( p

L

)−0.8072
(

d
Dri

)3.1783

[1 + 0.08996 · sin(β)] (34)

The parameter p is the perforated plate spacing and it is selected at 780 mm, the parameter d is
the perforated plate diameter, and it is selected at 49.5 mm, while the parameter β is the angle of the
perforated plate, which is selected at zero degrees.
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At the end of this section, it is important to state that the previous literature equations have been
developed for PTC with thermal oil, and especially the Syltherm 800, which is the used oil for the
present study. Moreover, all of these equations are valid in the examined flow conditions of this work
with Reynolds numbers over 2300.

2.4. The Developed Model in EES

The present work is performed using a developed thermal model in EES. This model solves the
equations of the Sections 2.2 and 2.3, and so the collector performance is calculated under steady-state
conditions. This model has been also used in References [50–57] with small modifications from study
to study. Table 2 summarizes the parameters that have been selected as boundary conditions for the
present problem.

The solar irradiation is selected at 1000 W/m2, while zero incident angle is selected. These values
are usually in thermal studies that are focused on the thermal comparison of different ideas. The wind
speed is selected at 1 m/s, which is a reasonable value according to the literature [63]. The flow
rate has been select at 100 L/min, a reasonable value according to Reference [54], as well as the
References [39–41]. The inlet temperature ranged from 50 ◦C to 350 ◦C, covering a great range of
possible operating conditions.
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Practically, the examined collector is investigated for different inlet temperatures, from 50 ◦C to
350 ◦C with step 25 ◦C, and every time one of the four absorber cases of Section 2.3 are applied. More
specifically, the smooth absorber case, the internally finned absorber cases, the use of twisted tape
inserts inside the absorber, and the use of perforated plate inserts inside the absorber are investigated.

These four cases are examined for both the evacuated and non-evacuated tube collector. In the
case of an evacuated tube, there are no convection thermal losses between the absorber and the cover.
On the other hand, for the case of a non-evacuated tube, air with 1 bar pressure is assumed to exist
between cover and absorber, leading to important convection losses of the absorber.

Table 2. Parameters of the present work.

Parameter Symbol Value

Direct beam irradiation Gb 1000 W/m2

Incident angle θ 0◦

Ambient temperature Tam 25 ◦C
Wind speed Vwind 1 m/s

Volumetric flow rate V 100 L/min
Inlet temperature Tin 50 ◦C–350 ◦C

2.5. Model Validation

This section is devoted to presenting validation evidence of the developed thermal model for both
the evacuated and non-evacuated receivers. Experimental results from the study of Dudley et al. [58]
are used for performing a suitable validation procedure. The investigated conditions about inlet
temperature, flow rate, ambient temperature, and wind speed are used for every validation scenario,
as they have been described for the experiments with cermet coating in Reference [58]. More specifically,
it can be briefly stated that solar irradiation levels were close to 900 W/m2, the flow rates close to
50 L/min, the ambient temperature was around 25 ◦C, and there were low wind speeds of up to 3 m/s.
In this work, the validation results are presented using figures in order to put the errors bars in them
and to present a more suitable comparative analysis. Moreover, in every case, the mean deviation
between experimental results and model is given.

The validation is conducted for the thermal efficiency and for the thermal losses. The thermal
efficiency validation corresponds to real operating conditions with solar irradiation concentration.
On the other hand, the thermal loss experiment is conducted with the collector being unfocused in
order to check the calculation of the thermal losses.

Firstly, the validation procedure for the evacuated tube collector is given. Figure 5 depicts the
thermal efficiency validation, and Figure 6, the thermal losses validation. Generally, the obtained points
of the model are inside the error bars of the experiment, the fact that proves high model accuracy. The
mean deviation of the thermal efficiency is 1.2% (between model and experimental results), while the
mean relative experimental error of the measurements is 3.0%. The deviation of the thermal losses is
5.43 W/m2, while the mean experimental error is 6.80 W/m2. These results prove that the obtained
results are acceptable and the model for the evacuated tube case is close to the experimental results
and inside the error limits.

For the non-evacuated tube case, Figures 7 and 8 illustrate the validation results for the thermal
efficiency and the thermal losses, respectively. The obtained results are satisfying with the model
points to be generally inside the error bars of the experimental results. The mean deviation of the
thermal efficiency is 2.7%, while the mean relative experimental error of the measurements is 3.1%.
The deviation of the thermal losses is 2.41 W/m2, while the mean experimental error is 7.52 W/m2.
These results prove that the obtained results are acceptable and that the model for the evacuated tube
case is close to the experimental results and inside the error limits.

So, the developed thermal model can be used both for evacuated and non-evacuated cases, and it
can be characterized as reliable. All of the validations procedures are performed successfully.



Energies 2018, 11, 1129 12 of 28
Energies 2018, 11, x FOR PEER REVIEW  12 of 28 

 

 
Figure 5. Thermal efficiency validation results for the evacuated tube receiver. 

 
Figure 6. Thermal losses validation results for the evacuated tube receiver. 

58%

60%

62%

64%

66%

68%

70%

72%

74%

0 100 200 300 400

Th
er

m
al

 e
ffi

ci
en

cy
 -
η t

h

Inlet temperature - Tin (oC)

Experimental Model

0

10

20

30

40

50

60

70

0 50 100 150 200 250 300 350 400

Th
er

m
al

 lo
ss

es
 -

Q
lo

ss
(W

)

Inlet temperature - Tin (oC)

Experimental Model

Figure 5. Thermal efficiency validation results for the evacuated tube receiver.
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Figure 7. Thermal efficiency validation results for the non-evacuated tube receiver.
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3. Results and Discussion

3.1. Evacuated Tube Receiver Performance

Section 3.1 is devoted to presenting the performance results of the case with the evacuated
tube collector. Figure 9 depicts the Nusselt number variation with the inlet temperature for the four
examined cases. It is obvious that the use of the thermal enhancement methods leads to an increase in
the Nusselt number. The highest increase is observed for the internally finned absorber and the mean
Nusselt number enhancement is 135% when compared to the reference case with the smooth absorber.
The use of perforated inserts is the second one case with 79% mean Nusselt number enhancement,
while the use of twisted tape inserts leads to the lowest Nusselt number enhancement close to 63%.
It is important to state that the enhancements are getting greater with the inlet temperature increase.
Moreover, it is worthy to comment that the use of twisted tape and perforated tape inserts leads to
similar results with the use of perforated tape inserts to be a better choice.Energies 2018, 11, x FOR PEER REVIEW  15 of 28 
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Figure 9. Nusselt number of the examined case with evacuated tube receiver.

Figure 10 illustrates the thermal of the evacuated tube with the smooth absorber, as well as
the thermal improvements with the thermal enhancement techniques. For the smooth case, the
thermal efficiency is ranged from 67% to 73%, while the thermal enhancement methods lead to higher
values. The best enhancement method is the use of internally finned absorber, which leads to a mean
enhancement of 0.7%, while the use of perforated tape insert leads to 0.6%, and the use of twisted
tape insert to 0.5%. The maximum thermal efficiency enhancements are achieved for a higher inlet
temperature, because in these cases, there is higher thermal efficiency enhancement margin due to
the increased thermal losses. The increased thermal losses lead to lower thermal efficiency in high
temperatures, as it is proved from the results of Figure 10 for the smooth tube case.

Figure 11 shows the exergy efficiency results of the examined cases. The exergy efficiency of the
smooth case has an increasing rate of the temperature increase and it reaches up to 37.9%. The increase
of the inlet temperature makes the exergy factor (1 − To/Tfm) to be higher, and so the exergy efficiency
has an increasing rate. However, the rate of the increase is getting lower and the curve tends to
be horizontal for high temperatures. The main reason for this result is the decrease of the thermal
performance, and consequently, of the useful thermal output for high temperatures. The best thermal
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enhancement method is again the use of internal fins with mean exergy efficiency enhancement 0.8%,
while the perforated tape insert leads to 0.6%, and the twisted tape insert to 0.5%.
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Figure 10. Thermal efficiency of the smooth case and the thermal efficiency enhancement with the
examined methods for the evacuated tube receiver.Energies 2018, 11, x FOR PEER REVIEW  16 of 28 
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Figure 11. Exergy efficiency of the smooth case and the thermal efficiency enhancement with the
examined methods for the evacuated tube receiver.

Figure 12 exhibits the results of the overall efficiency. The overall efficiency of the smooth case
ranged from 67% to 73%, and it decreases with the inlet temperature. The overall efficiency has
practical the same values as the thermal efficiency, the fact that proves the extremely low impact of the
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pressure drop on the overall system performance. The enhancements methods aid the overall efficiency,
with the mean enhancements to be 0.7%, 0.6%, and 0.5% with the use of internal fins, perforated tapes,
and twisted tapes, respectively. The obtained results indicate that all of the criteria indicate the same
sequence in the performance between the examined methods. Moreover, similar enhancements are
observed for all of the criteria.
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Figure 12. Overall efficiency of the smooth case and the thermal efficiency enhancement with the
examined methods for the evacuated tube receiver.

3.2. Non-Evacuated tube Receiver Performance

Section 3.2 presents the performance results for the non-evacuated tube case. In this case, there
are extra convection thermal losses between the absorber and the cover, so the expected system
performance is lower than the evacuated tube case (results of Section 3.1). There are important
similarities between the results of Section 3.2 with the results of Section 3.1, especially in the trends
of the obtained curves. Figure 13 depicts the Nusselt number for the examined cases with the
non-evacuated tube. It is obvious that the obtained results are approximately the same as the results of
Figure 9 for the evacuated tube case. Again, all of the thermal enhancement methods lead to Nusselt
number increase when compared to the smooth case.

Figure 12 depicts the thermal efficiency of the non-evacuated tube case, which ranged from 71.6%
to 60.7%. The mean enhancement with the internal fins is 1.3%, with perforated plate inserts 1.0% and
with the twisted tape inserts being 0.9%. The enhancements have an increasing rate with the increase
of the inlet temperature. Figure 13 illustrates the exergy efficiency of the non-evacuated collector that
takes values up to 34.3% for the smooth case. The mean enhancements with the internal fins, the
perforated tapes, and the twisted tapes are 1.4%, 1.0%, and 0.9%, respectively. Figure 14 shows the
overall efficiency, which ranged from 60.7% to 71.6%. The mean enhancements with the internal fins,
the perforated tapes, and the twisted tapes are 1.3%, 1.1%, and 0.9%, respectively. An interesting result
of Figures 14–16 is that the performance enhancement presents a high increasing rate after the inlet
temperatures of 250 ◦C. This result is explained by the high thermal losses after this temperature limit,
which makes the enhancement methods more effective.

The obtained performance results for the non-evacuated results indicate a lower performance
when compared to the evacuated tube case. More specifically, the thermal efficiency seems to be
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significantly lower, especially at high temperatures. For inlet temperature that is equal to 350 ◦C, the
evacuated tube has a 67% thermal efficiency, while the non-evacuated case has 60.7%. The exergy
efficiency decreases from 37.9% to 34.3%, while the overall efficiency has similar behavior to the
thermal efficiency. Moreover, when comparing the enhancements of the evaluation indexes, higher
enhancements are obtained for the non-evacuated cases, because in these cases, there are greater
thermal losses, which is the fact that makes the performance improvement easier.
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Figure 14. Thermal efficiency of the smooth case and the thermal efficiency enhancement with the
examined methods for the non-evacuated tube receiver.
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Figure 15. Exergy efficiency of the smooth case and the exergy efficiency enhancement with the
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Figure 16. Overall efficiency of the smooth case and the thermal efficiency enhancement with the
examined methods for the non-evacuated tube receiver.
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3.3. Hydraulic Performance of the Collector

The next step in this work is the hydraulic evaluation of the examined collector. The use of
the thermal enhancement methods is associated with increased friction, factor, pressure drop, and
pumping work, as it has been highlighted by the Section 1. Section 3.3 comes to complete this work by
giving results about the friction factor, the pumping work, and the performance evaluation criterion
(PEC). It is important to state that the results of Section 3.3 regarding the evacuated tube case, while
they have approximately the same for the non-evacuated tube case. So, there is no reason for giving
the “same” figures two times.

Figure 17 shows that the friction factor of the smooth case is the lowest among the examined cases.
The use of perforated tape inserts leads to the highest friction factor, while twisted tape inserts is the
second case and the internally finned absorber the third one. The mean friction factor increase with the
perforated plates is 1250%, with the twisted tape inserts 370%, and with the internal fins 180%. It is
obvious that the perforated plate inserts case leads to an extremely high friction factor.
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Figure 17. Friction factor of the examined cases.

The higher friction factor leads to higher pressure drop, and consequently to higher pumping
work. Figure 18 depicts the pumping work for the examined inlet temperatures. The small difference
in the curves trends is explained by the influence of the density on the results, which is reduced with
the temperature increase. For instance, the Syltherm 800 density is 882 kg/m3 at 80 ◦C, 773 kg/m3 at
200 ◦C, and 648 kg/m3 at 320 ◦C. At this point, it is important to state that the maximum pumping
work is close to 8 W, while the useful heat production is about 25,000 W. So, it is obvious that the
obtained pumping work is an extremely low quantity when compared to the useful heat amount. This
result explained the extremely close values of thermal efficiency and overall efficiency, as they have
been presented in Sections 3.1 and 3.2.

The last evaluation criterion is the performance evaluation criterion (PEC), which is a flow
criterion. This criterion does not take into account that there are thermal losses and they are depended
on the receiver temperature. It evaluates the Nusselt number enhancement and the simultaneous
penalty in pressure drop. So, the values of this criterion in the solar system are not so important
because it does not take into consideration the final useful yield in order to determine if the applied
methods are able to enhance the overall system performance. However, this criterion has to be used
for evaluating the enhancements methods and to compare them with another point of view, the flow
performance view (and not the collector performance view).
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Figure 19 exhibits the results about the PEC. The smooth case has (PEC = 1) and it is depicted as
a horizontal line. The cases with (PEC > 1) are assumed to be enhanced, while the cases with (PEC < 1)
are not enhanced. The use of internal fins leads always to values that are over 1 and from 1.4 to 1.8,
results that indicate that this method leads to really flow enhancement. On the other hand, the use
of perforated plate inserts leads always to value slower than 1, the fact that proves that this method
does not enhance the flow. The main reason for this result is the extremely high friction factor of this
method, as it has been highlighted in Figure 17. Moreover, the use of twisted tape inserts leads to
the enhanced flow conditions at high temperatures (over 225 ◦C), because in these cases there are
significant Nusselt number enhancements.
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Figure 19. Performance evaluation criterion of the examined cases.
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At the end of this section, is important to state that the exergy efficiency and the overall efficiency
criteria indicate that all of the method leads to performance enhancement because they evaluate the
pumping work value and not the friction factor as the PEC. The exergy and the overall efficiencies are
most appropriate criteria for the evaluation of the PTC because they take into account the relationships
between the useful heat production and the pumping work, while the PEC takes into account flow
criteria as the Nusselt number and friction factor. In other words, the PEC does not take into account
whether the flow is inside a solar collector or in a tube of a heat exchanger for instance. So, it is
suggested to not use the PEC as the sole criterion for the thermal enhancement methods evaluation,
but to use this as a consulting criterion that has to be combined with other performance criteria as the
exergy efficiency, the overall efficiency, or the entropy generation ratio criterion.

3.4. Thermal Enhancement Comparison of Evacuated and Not Evacuated Receiver

The last part of the results section is devoted to comparing the evacuated and the non-evacuated
receiver with the investigated enhancement methods. Figure 20 shows the thermal efficiency
enhancement with the three enhancement methods for the two receiver kinds. It is obvious that
the enhancements are significantly higher for the non-evacuated tuber receiver for all of the methods.
Moreover, the same sequence of the methods exists for both receivers. More specifically, the internally
finned absorber enhances the performance of the non-evacuated tube up to 2.1%, while of the evacuate
tube by up to 1.6%. The use of perforated plate inserts leads to an enhancement of 1.8% and 1.1% for
the non-evacuated and evacuated tube, while the tested tape inserts to 1.5% and 1.2%, respectively.Energies 2018, 11, x FOR PEER REVIEW  22 of 28 
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Figure 20. Thermal efficiency enhancements with the examined methods for both the evacuated and
non-evacuated tube receivers.

The reason for the higher thermal efficiency enhancement in the case of the non-evacuated tube
is based on the higher thermal losses, which give a higher enhancement margin. Figure 21 depicts
the thermal losses for both of the receivers, as well as the thermal loss decrease with the applied
enhancement methods. It is obvious that the thermal losses with the non-evacuated tube reach up
to 4940 W, while they are up to 2478 W for the evacuated tube. This result shows that the thermal
losses of the evacuated tube are approximately the half when compared to the non-evacuated case.
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This result makes the enhancement margin to be higher in the cases of non-evacuated tube receiver.
Figure 21 also shows that the thermal loss decrease with the enhancement methods is higher for the
case of the non-evacuated tube. For instance, the thermal losses decrease with the internally finned
tube is up to 44% for the non-evacuated tube case, and up to 31% for the evacuated tube case.Energies 2018, 11, x FOR PEER REVIEW  23 of 28 
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Figure 21. Thermal losses for the smooth cases and the thermal losses enhancement with the examined
methods for both the evacuated and non-evacuated tube receivers.

At the end of this analysis, it is important to state that the obtained results indicate that the thermal
enhancement methods are more effective for the non-evacuated tubes than the evacuated tubes. This
fact makes the use of the enhancement methods a more attractive choice for the enhancement of the
performance in the non-evacuated tubes. Moreover, it can be said that, in some cases, the thermal
enhancement method can be used in non-evacuated tubes in order to eliminate partially the lower
performance of them compared to the evacuated tubes. However, the final selection of this design is
a multi-parametric issue that is based mainly on financial parameters. Lastly, it can be said that the
use of some enhancement methods can be applied in existing installation, in non-evacuated tubes that
have lost their vacuum in order to enhance their performance. With this technique, the performance of
the tubes with lost vacuum can be enhanced with a simple way. For instance, the use of an insert can be
applied easily in the existing installations and so the non-evacuated tubes can be retrofitted. However,
this idea has to be studied carefully in order to face possible operation and installation problems.

4. Conclusions

The objective of this work is to compare three usual thermal efficiency enhancement methods
in parabolic trough solar collectors. The use of internally finned absorber, the use of perforated plate
inserts, and the use of twisted tape inserts are investigated and compared with the reference case with
the tube and empty absorber tube. The analysis is conducted both for evacuated and non-evacuated
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tube receivers. Typical values about the examined parameters are selected, according to the literature.
The most important conclusions of this work are listed below:

- All of the examined thermal efficiency enhancement methods are found to be effective and they
enhance the thermal efficiency of the solar collector. Moreover, the exergy efficiency and the
overall efficiency are also enhanced. The obtained enhancements are greater at higher inlet
temperature levels.

- The enhancements are higher for the non-evacuated tube cases, because in these cases, there are
higher thermal losses and a higher thermal enhancement margin.

- The highest enhancements are found with the use of internal fins, while the use of perforated
inserts is the second choice and the use of twisted tape inserts leads to the lowest enhancements.

- The mean thermal efficiency enhancement with the internal fins is 0.7% for the evacuated tube
and 1.3% for the non-evacuated tube, while the maximum enhancements are 1.6% and 2.1%,
respectively. It is important to state that these small thermal enhancements are explained by the
low thermal losses of the PTC.

- Furthermore, it is important to state that these small thermal enhancements are close to the
possible errors from the uncertainties that are associated with the Nusselt number calculation
from the used literature formula. However, there is a thermal enhancement in all of the cases, but
there is uncertainty about the values of the enhancement.

- The thermal enhancements methods lead to a higher friction factor and pumping work demand.
The highest pressure drop was found for perforated tape inserts, while the other methods lead
to lower pressure drop increases. The exergy and the overall efficiency criteria proved that the
increase of the pumping work is not adequate to eliminate the thermal enhancement, and so all of
the enhancement methods are effective. On the other hand, the performance evaluation criterion
(PEC) showed that the use of internal fins for all the inlet temperatures and the use of twisted
tape inserts for inlet temperatures over 225 ◦C leads to flow enhancement.

The final conclusion of this paper is that the use of the thermal enhancement method is able to
increase the thermal performance of the PTC and the enhancements are higher in the non-evacuated
tubes. This fact makes the combination of non-evacuated tubes with thermal enhancements methods
an attractive case in order to achieve higher thermal efficiency and to design more efficient systems.
Moreover, it is highlighted that the thermal enhancement methods increase the pumping work demand,
but this quantity is too low in order to create limitations in the adoption of the thermal enhancement
methods in the PTC.
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Nomenclature

A Area m2

C Concentration ratio -
cp Specific heat capacity under constant pressure J/kg K
D Diameter m
d Perforated plate diameter m
E Exergy rate W
F Focal distance m
f Friction factor -
Fg Geometric parameter -
Gb Solar direct beam irradiation W/m2

H Twisted tape half pitch m
h Heat transfer coefficient of the flow W/m2K
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hin Convection coefficient between absorber and cover W/m2K
hout Convection coefficient between cover and ambient W/m2K
K Incident angle modifier -
keff Effective thermal conductivity W/mK
k Thermal conductivity W/mK
L Tube length m
m Mass flow rate kg/s
Nu Nusselt number -
p Perforated plate spacing m
Pr Prandtl number -
Q Heat rate W
q Fin length m
Ra Rayleigh number -
Re Reynolds number -
r Reflectance -
T Temperature oC or K
t Fin thickness m
Tsky Sky temperature K
Tsun Sun temperature K
T0 Reference temperature K
u Fluid velocity m/s
V Volumetric flow rate L/min
Vwind Ambient air velocity m/s
W Twisted tape width m
Wa Width m
Wp Pumping work W

Greek Symbols

α Absorbance -
β Slope of the perforated plate ◦

ε Emittance -
∆P Pressure drop Pa
ηel equivalent electrical efficiency -
ηex Exergy efficiency -
ηopt Optical efficiency -
ηovr Overall efficiency -
ηth Thermal efficiency -
θ Incident angle ◦

µ Dynamic viscosity Pa s
ρ Density kg/m3

σ Stefan-Boltzmann constant [=5.67 × 10−8 W/m2K4]
τ Transmittance -

Subscripts and Superscripts

a aperture
air air inside the receiver
am ambient
c cover
ci cover inner
co outer cover
fm mean fluid
in inlet
max maximum
o reference case
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out outlet
r receiver
ri inner receiver
ro receiver outer
s solar
u useful

Abbreviations

EES Engineering equation solver
PEC Performance evaluation criterion
PTC Parabolic trough collector
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