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ARTICLE INFO ABSTRACT
Keywords: This paper aims to highlight the use of different heat transfer fluid (HTF) configurations based on
Parabolic trough solar concentrator vegetable oils in Parabolic Trough Solar Concentrator (PTSC). Rapeseed and jatropha oils as
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Thermal efficiency

innovative heat transfer materials combined with SiO2 and AlyO3 to obtain six (6) HTF config-
urations are used in a 1-dimensional PTSC model. The thermophysical properties of the nano-
fluids are determined from correlations derived from the literature, using Gauss-Seidel method
from a numerical code developed in Matlab software. Model validation is obtained. Thermal
sensitivity analysis shows that the use of rapeseed increases the thermal efficiency of the PTSC by
around 4.21 % compared with jatropha. The use of nanofluids reduces thermal losses within the
system due to thermal gradients. For a fixed irradiance and each 1 %-4 % increase in volume
fraction, thermal efficiency increases by around 1.96 % when Al,O3/rapeseed is used and by 0.47
% when SiOa/rapeseed is used compared with rapeseed. Similarly, thermal efficiency increases by
around 1.98 % when Al;Os/jatropha is used and decreases by around 0.20 % when SiOy/jatropha
is used compared with jatropha. However, the positive effects of nanoparticles on thermal con-
ductivity alone are not always sufficient to improve thermal efficiency, and thermal effects on
heat capacity should also be considered.

1. Introduction

In today’s dynamic world of socio-economic and environmental challenges, energy conversion, conservation and utilization sys-
tems are the subject of much controversy in scientific and related fields [1-6]. The PTSC, known as one of the world’s leading energy
conversion systems, offers multitudes of possibilities for the efficient conversion, management, production and use of solar energy [7,
8]. The HTF is one of the essential elements of PTSC in its various energy production processes [9-11]. It plays an essential role in the
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quality and quantity of its thermal performance. The choice of fluids to be used in PTSCs as transfer fluids is based on criteria such as
high thermal conductivity and thermal capacity, availability in industrial quantities, low cost, acceptable ecobalance, thermal
compatibility with contact materials, low toxicity and others [12]. Odeh et al. [13] used water and Syltherm 800 oil to generate steam
directly from a PTSC. Analyses showed that using water as HTF reduces heat loss with a lower heat loss coefficient than Syltherm 800
as HTF. Forristall [14] using Xceltherm 600, Therminol VP-1, 60-40 salt, Syltherm 800 and Hitec XL salt as HTF in a PTSC found that
highest value of thermal efficiency is obtained when Syltherm 800 and Xceltherm 600 are used. Moreover, these fluids aren’t relatively
cheaper. In their comparative analysis of molten salt, water and thermal oil as HTF in a PTSC, Montes et al. [15] found that optimum
system efficiency is achieved using water. Ouagued and Khellaf [16] used Syltherm XLT, Syltherm 800, Marlotherm X Santotherm 59
and Therminol D12 in their numerical simulation of temperatures and heat gains. The results showed that Syltherm 800 can be used at
temperatures above 427 °C, while Syltherm XLT and Marlotherm X can only be used at temperatures below 427 °C. The other HTFs can
be used between 377 °C and 477 °C. In this same order of comparative studies of HTFs on improving the thermal performance of PTSCs,
we can cite the experimental work of Wang et al. [17] who show that the use of molten salt generates high pressure losses and low
thermal efficiency, Tahtah et al. [18], who show a rapid increase in outlet temperature evaluation when using as HTF thermal oil
compared with water, and the numerical work of Babikir et al. [19], who show that the best thermal efficiency is obtained when using
Therminol 66 as HTF compared with Therminol VP-1 and treated and untreated water. These reviewed works show the good per-
formance of synthetic oils relative to water, but at a lower cost than water. These HTFs, commonly referred to as conventional or
traditional fluids, have shown their advantages according to the above-mentioned criteria, but also have limitations with direct effects
on the thermal performance of PTSCs, such as low thermal conductivity. The use of nanoparticles in base fluids has emerged as a
technique for improving their thermophysical properties, hence the interest in nanofluids [20]. Sokhansefat et al. [21] used nanofluid
Al,03/Synthetic oil to improve heat transfer in the absorber tube of a PTSC. The results showed that the heat transfer coefficient (HTC)
increased with increasing particle fraction ranging from 1 %, 3 % and 5 %. Paul et al. [22] using Al,Os/ionic liquid analyzed the
thermal performance of a concentrated solar power (CSP) with volume fractions of 0.18 %, 0.36 % and 0.9 %. It was found that for a
volume fraction of 0.9 % the thermal conductivity increased by 11 % and the thermal heat capacity by 49 %. Mwesigye et al. [23] in
thermodynamic optimization of PTSC receiver performance using Al;O3/Synthetic oil with volume fraction variation of 0-4%, 0-6%
and 0-8% observed an increase in heat transfer performance of 35 %, 54 % and 76 % respectively. The maximum efficiency
improvement was 7.6 % recorded at the lowest temperature and Reynolds number. Toghyani et al. [24] in their work on PTSCs using
SiO9, CuO, Al;,03 and TiO with Therminol-55 and varying the volume fraction from 2 to 5.5 % showed that the enhancement in overall
exergy efficiency was 6 %, 3 %, 11 % and 9 % when using these nanoparticles respectively. In analyzing the thermal performance of
PTSC, Ghasemi and Ranjbar [25] using CuO, Al,03 with water under uniform heat flux showed that by varying the volume fraction by
0.5 %, 1.5 % and 3 % the HTC improved up to 28 % for Al,03 and 35 % for CuO at the volume fraction. Faizal et al. [26] in their study
estimated that 10,239 kg, 8625 kg, 8857 kg and 8618 kg of the total weight for 1000 units of solar concentrators can be saved for CuO,
SiO9, TiOy and Al;O3 nanofluids respectively with base fluid water and that the use of nanofluids reduces the cost of environmental
damage. Several other traditional fluids have been used with different types of nanoparticles whose variations in their volume fraction
have shown positive enhancements in the thermal performance of PTSCs [27,28]. The example is that of Chakraborty et al. [29,30],
who show maximum improvement in thermal efficiency and Nusselt number when using hybrid nanofluids (water, CuO and Al;O3) in
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Fig. 1. Physical model of a PTSC with main elements [33].
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different types of PTSC solar receivers. Also those of Ref. [31], using hybrid nanofluids in rotating receiver tubes with variable speeds
showed improved values for outlet temperature and heat transfer coefficient. This work shows that nanoparticles can make a very
significant contribution to improving the thermal performance of HTFs, but at a costly price. However, in the work by Hoffmann et al.
[32], it was pointed out that vegetable oils are much cheaper, available on an industrial scale and offer very good thermal performance,
including a good ecobalance, compared with synthetic oils. Referring to the work of Ref. [32], Chara-Dackou et al. [33] tested
vegetable oils against the synthetic oil Therminol VP-1 and concluded that they can be used at high temperatures and also as a
substitute for conventional HTFs in PTSCs. All this without a validation test of their performance and without, however, proposing an
optimal condition for improving their thermal performance in PTSCs. What’s more, none of the work cited in the literature has
attempted to couple nanoparticles with vegetable oils such as HTF to analyze their thermal contribution to improving the thermal
performance of PTSCs. Yet this could prove highly promising.

Thus, in a critical climatic and economic context, vegetable oils present themselves as a real asset in the solar industry as HTF for
PTSC systems relative to the findings of Refs. [12,32] for sustainable energy production.

This study highlights a new thermal design based on the use of different heat transfer fluid (HTF) configurations based on vegetable
oils combined with nanoparticles in PTSCs, in contrast to those generally used. A sensitivity analysis of the thermal effects of using
vegetable oils and nanofluids as HTFs on the performance of the PTSC system derived from Ref. [33] is carried out from a quantitative
and qualitative point of view. Two vegetable oils (jatropha and rapeseed) as base fluids and Al,O3 and SiO3 nanoparticles are chosen to
obtain six (6) HTFs configurations. A numerical code in Matlab has been developed to simulate PTSC performance. The study is being
carried out in the locality of Birao in the Central African Republic (CAR).

2. Description model and mathematical formulation

The PTSC considered in this study is shown from its physical model in Figs. 1 and 2, with its main components such as the collector,
absorber tube, glass envelope and metal support bracket. The system is equipped with a single-axis sun-tracking mechanism to
maximize the collection and concentration of the sun’s rays in order to obtain a good useable temperature. The end losses at the ends of
the absorber tube shown in Fig. 2 are taken into account in the optical model. The technical dimensions, optical and thermal char-
acteristics of PTSC are given in Table A.

The mathematically validated PTSC model from Ref. [33] is used in this study with different HTF configurations. Al;03 and SiO,
nanoparticles, being the most widely used in the literature according to Ref. [9], are selected and combined with vegetable oils to
obtain nanofluids. Their thermophysical properties are taken from Table 1. Six HTF configurations are obtained, including two simple
HTFs as base fluid (rapeseed and jatropha) and four nanofluid HTFs (AloO3/rapeseed, SiO,/rapeseed, Al;O3/jatropha, SiOy/jatropha).
The choice of rapeseed and jatropha was based on their compatibility with the nanoparticles selected according to the work of
Ref. [12].

2.1. Energy modeling
In this section, the heat transfer equations defining the performance of the PTSC are presented. The energy flux received by the

collector receiving surface is calculated from equation (1), where Iyqn, represents the direct solar irradiance in W/m?, A, the reflector
2
area in m~ [5].

anlar = [heamA('ul (1)
The expression used to calculate the energy flow transmitted through the absorber tube to the HTF is given by equation (2).
Qusefit = MCp g (Tous — Tin) (2)
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Fig. 2. End losses of heat collector element and geometry of collector [33].
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Table 1
Thermophysical and rheological properties of base HTFs and nanoparticles.

Heat transfer fluid [32]

Jatropha Rapeseed

k =280 x 1077T;% — 2258 x 10 *T; + 0.1736 k =2107T7 - 1.714 x 10-*T; + 0.1698

v = exp(4.5168 — 1.8371 x log(Ty)) v = exp(4.5966 — 1.7645 x log(Ty))

p = — 0.6831T; + 926.58 p = —0.6691 x Ty + 928.19

C, =2262x 107°T5* — 10.423 x 107773 + 12.947 x 10T, + 0.441 x Cp =1.621 x 107°T} — 8.735 x 107/ T} + 14.933 x 10~>T7 — 5.976 x 10Ty +
10737y + 1.9608 2.0985

Nanoparticles [9,34-36]

Al,03 Si0,

k =55+ 34.5x exp[— 0.0033 x (I — 273)] k=36

p = 3850 p = 3970

C, =1045+ 0.174 x Ty — 2.80 x 107 x Ty 2 Cy =765

In which G, ¢ is the heat capacity of HTF in J/kg.°C, the mass flow rate of HTF in kg/s. The outlet and inlet fluid temperatures are Ty
and Tj, in °C respectively.
The thermal efficiency from equations (1) and (2) can be calculated using the following expression is given by equation (3):

_ f Qusefuldt
Nihermal = f Qsolar dt

The various heat exchanges within the solar receiver are shown in Fig. 3, and its heat transfer modes according to the solar receiver
compartments are described in Fig. 4 via the thermal resistance diagram. The temperature distribution of the absorber tube and fluid is
derived from the overall heat balance obtained from the heat balance at the glass envelope, absorber tube and fluid levels using the first
principle of thermodynamics. The various expressions used to calculate heat exchange are summarized in Table 2. Further information
on modeling can be found in Ref. [33].

3

2.2. Thermophysical properties of nanofluids

The base fluids chosen have a temperature range of up to 250 °C, depending on the experimental conditions. Only the thermo-
physical properties of SiOy do not vary with temperature. The thermophysical properties of nanofluids can be determined experi-
mentally or numerically. The numerical approach can be based either on energy equations or on correlations proposed in the literature.
The numerical approach based on correlations is considered in this study. equations (4) and (5) for density and nanofluid specific heat
respectively are given by Ref. [37]:

pnf:(/]pnp + (1 - (/})pbf (4)

(1- (ﬂ)(l)c)bf + (ﬂ(ﬂc)np
(1 = @)py + 0p,,

Cn/ = (5)

The thermal conductivity and viscosity of nanofluids are obtained from the following equations (6) and (7), respectively [38]:

Q4 iz Qs
IV

Absorber pipe

Q3.
Qss

Glass gnyelope
Heat transfer fluid

Fig. 3. Heat exchange balance.
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conduction convection
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convection 7 conduction 6 convection 4 conduction
8 3
radiation radiation
2
1. Surrounding air 4. Glass envelope inner surface 7. Absorber inner surface
2. Sky 5. Support bracket 8. Heat transfer fluid
3. Glass envelope outer surface 6. Absorber outer surface
Fig. 4. Overall thermal resistance scheme.
Table 2
Collector heat transfer models and heat transfer type.
Heat transfer type Heat transfer equation
3-2 Radiation Q3-2rad = ™D3h320a(Te — T) [19]
32700 = £6(Ts + Te + 546)[(Ts + 273)% + (T, + 273)?]
3-1 Convection Q3-1,conv = D3h3 1 conv(Te — Ta)
— ks
h3 1 conv = 173Nu3
3-4 Conduction 9 JT,
Qs 44 = o (Aekea>
6-4 Convection Qs-4,conv = DN 4 conv(Tap — Te)
1 1
2 Pr, 1. 5] 119
. __Ta 4
h6_4.conv 0 ln(%) 0.386k, (0.861 " Pra) (Rac) ]
6 6
6-4 Radiation Qs-4.rad = ™D6h—4rad(Tap — Te) [33]
he_arad = €and(Tab + Te + 546)[(Tap + 273)* + (T, + 273)]
6-5 Conduction Qs-5.cond = h6-5,cond(Tp — Ta)
B hyPp [41]
he_5.cond = 4/ hbkabAb.cslanh< Koy o Lb)
6-7 Conduction ] aT,
Qs-7.df = 3 (Aabkab a;b)
7-8 convection Q7-8.conv = ©Dghy_g cony(Tap — Tf)
ks
h7 8 convy = DT;Nuf
ki + (n — Dkyy + (n — 1)(knp - kbf)w
knf = kbf (6)
kn/; + (n - l)khf - (knp - kbf)¢
2
ﬂ’!/:ﬂb/(l +2.5¢p+6.5¢ ) 7)
In these equations, ¢ represents the volume fraction of the nanoparticle calculated from equation (8) [39]:
@Piy
p= 100 (8)

(1 - %)pnp + %Opbf

With subscripts np stands for nanoparticle, bf stands for base fluid and ® weight concentration in %, n is the empirical form factor given
by n = 3/y with the denominator as the sphericity of the nanoparticle taken as 1.

2.3. Numerical solution procedure

In the simulation procedure, the Gauss-Seidel method is applied, based on a numerical code written in the Matlab software, with a
convergence criterion set at 0.001 °C according to the literature [19,33]. Note that the simulation is carried out for each hour of the
day. Other conditions or assumptions considered in this numerical simulation study are described in Ref. [33]. The flowchart followed
in this study is shown in Fig. 5.
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3. Results and discussion

In the validation of the numerical model, the operating conditions were determined by the experimental study in the literature. For
the rest of the work, wind speed is assumed to average 2 m/s. A radiation estimation model is used, coupled to the PTSC optical model.
Direct solar radiation varies as a function of local time, and an East-West tracking system with a North-South axis is used. The average

optical efficiency is 70 %.
3.1. Numerical model validation

The numerical model and numerical simulation conditions are taken from Ref. [33]. In the lack of an experimental study carried out

PTSC characteristics, meteorological data, radiation
model input data, other simulation input data
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caleulation of optical elficiency
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Fig. 5. Problem solving flowchart.
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under the same conditions as this work, the experimental data of Ref. [40] are used for validation and then a comparison with those of
Ref. [34]. Rapeseed oil and the nanofluids SiOy/rapeseed, Al,O3/rapeseed are used as HTFs to simulate performance, and the volume
fraction used is 3.5 %. The comparison is made in terms of thermal efficiencies. DNI, mass flow rate, wind speed, ambient temperature
and fluid inlet temperature are the various input parameters for the four (4) tests (Table 3). From this, we can see differences in values
between the current models, which are attributed to the differing contributions of the HTF configurations. The average deviation
between the current and experimental models is 7.30 %, and 2.84 % with the model of Ref [34]. This can be justified by the operating
conditions set during the experiment when characterizing the vegetable oil, which gave rise to the thermophysical and rheological
properties at an operating temperature limited to 250 °C via the work of Ref. [12]. However, given the flash point temperature of
230 °C-330 °C, the vegetable oil could reach high temperatures close to those of the reference solar oil Therminol VP-1 and improve
thermal performance under the required conditions of experiments to determine thermophysical and rheological properties. Also,
based on the assumptions made in the numerical model of PTSC (consideration of end losses, addition of thermal effects of the support
bracket, etc.) and the uncertainties in the measurements, the agreement between the experimental and the current model can be said to
be good enough and sufficient to be able to use this approach in other simulations firstly from vegetable oils and secondly from
nanofluids based on vegetable oils as HTFs in PTSC. In the following, comparative thermal analyses are made on the combined effects
of the input parameters considered during the validation on the dynamic operation of the PTSC and also the variational effects of the
nanoparticle concentration. In addition to the above HTFs, jatropha and SiOs/jatropha, Al,Os/jatropha nanofluids are combined in the
thermal analysis.

3.2. Dynamic effects of solar irradiance

PTSC operation depends on solar radiation, and its dynamics have variable effects on performance. For this analysis, six (6) HTF
configurations are analyzed, the mass flow rate is assumed equal to 0.06 kg/s with a nanoparticle concentration of 3.5 %, the inlet fluid
temperature is assumed fixed equal to 25 °C. Fig. 6 describes the effects of solar irradiance on the temperatures at the absorber tube
outlet (Fig. 6a) and fluid outlet (Fig. 6b). The ununiformed temperature distribution at the absorber tube and HTFs is due to the non-
uniform distribution of heat flux creating a temperature gradient. At the absorber tube level, this temperature gradient is influenced
externally by the solar irradiance profile and internally by the heat transfer capacity of the fluid circulating inside. The impact differs
from one HTF to another. Firstly, the temperature of rapeseed increases rapidly more than that of jatropha for time intervals of high
solar irradiance. This shows how sensitive they are to variations in solar irradiance like most traditional fluids, in agreement with the
results of Ray et al. [42] and Refs. [35,36]. The temperature gradient increases with solar irradiance, and the use of nanofluids reduces
it. This reduces losses in the system, while increasing outlet temperatures. In this context, the best configurations are those based on
Al;03 nanofluids, which reach high temperatures at peak solar irradiance. Apart from the chemical characteristics and compositions of
the base fluids, their combinations with Al;03 nanoparticles have more positive effects on heat transfer performance than SiO,, which
can be justified by their thermophysical properties.

In view of these results and knowing the particularity of the use of nanoparticles which is to increase the capacity of the base fluid to
transfer heat, a variation of the concentration of nanoparticles could have influence on the performances, being able to contribute to
reduce the losses generated from the sources of irreversibility of the system.

3.3. Dual effects of nanoparticle volume concentration and solar irradiance on thermal performance

In this section, the dual effects of irradiance and nanoparticle volume fraction on the thermal behavior of the PTSC are evaluated.
This evaluation is done in key hours (10 h-15 h) of the day when solar irradiance is high. The inlet fluid temperature is fixed at 25 °C
and a mass flow rate of 0.06 kg/s. By varying the nanoparticle volume fraction from 1 % to 4 %, Table 4 provides information on the
variation of the thermal efficiency of the PTSC system using the four nanofluids configurations. For the purpose of comparing the rate
of efficiency improvement, the base fluids (rapeseed, jatropha) are also evaluated under the same operating conditions. For all HTFs, a
general decrease in thermal efficiency can be observed from 10 h to 15 h local time, which can be explained by the progressive increase
in heat losses within the system due to the increase in solar irradiance that creates thermal gradients. An increase in thermal efficiency
on average of about 4.21 % is observed when using rapeseed compared to jatropha. For each set hour and each 1 % increase in
nanoparticle concentration, the yield compared to the rapeseed base fluid on average increases by about 1.96 % when Al;03/rapeseed
nanofluid is used, and also by 0.47 % when SiOy/rapeseed nanofluid is used. Also, for each hour of the fixed irradiance and for each 1 %

Table 3
Comparison of results from validation tests of the current model with those from Refs [34,40].
Run 1(W/ flow rate Viind Tair Tin Effeyp Eff 0 Eff 1 Eff 2 Err 0 Err_1 Err 2 Err %
m?) (kg/s) (m/s) (9] (O] (%) (%) (%) (%) (%) (%) (%) Ref
Ref [34]
[40]
1 968.2 0.6522 3.7 22.4 151 70.9 67.112 67.218 67.113 5.34 5.19 5.35 6.35
2 982.3 0.6348 2.5 24.3 197.5 70.17 65.471 66.026 66.008 6.69 5.90 5.93 2.52
3 909.5 0.6596 3.3 25.6 250.7 70.25 62.837 63.111 63.1 10.55 10.16 10.17 7.32
4 937.9 0.6229 1.0 28.8 297.8 67.98 62.440 63.11 63.09 8.15 7.16 7.19 1.17
Mean 7.68 7.10 7.16 4.47
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Fig. 6. Daily profile of absorber tube outlet temperatures and HTFs as a function of hourly irradiance.

increase in nanoparticle concentration, the thermal efficiency relative to the Jatropha base fluid on average increases by about 1.98 %
when the Al,03/Jatropha nanofluid is used and decreases by about 0.20 % on average when SiOy/Jatropha is used. This negative effect
of the SiOy/Jatropha nanofluid on the thermal efficiency, in contrast to the other configurations presented, appears to be far removed
from the results generally obtained in the case of traditional fluid-based nanofluids according to Ref. [11]. The generally expected
impact was not observed. This could be attributed to the increase of the friction factor due to the dual effects that negatively influence
the velocity and pressure inside the absorber tube thus generating the reduction of the global heat transfer coefficient which, in
addition, reduces the mass heat capacity of the nanofluids. The increase of the concentration of nanoparticles leads to the reduction of
the thermal capacity, which decreases with the thermal efficiency. Given the trend in Table 4, a low concentration of <0.1 % SiO,
could lead to a higher thermal efficiency of SiOy/Jatropha than the base fluid. This result shows that the use of nanoparticles with high
thermal conductivity does not necessarily guarantee an increase in thermal efficiency but could rather reduce the performance for high
nanoparticle concentration. Thus, only the positive effects of nanoparticles on the thermal conductivity of the nanofluids are not
always sufficient in increasing the thermal performance, especially the thermal efficiency of a PTSC system and that the effects on the
heat capacity should also be considered. This aspect was also emphasized by Mwesigye et al. [38], in the conclusion of their study with
a traditional fluid. It can be concluded that the effect of solar irradiance influences more than that of nanoparticle concentration.

3.4. Dual effects of mass flow rate and nanoparticle concentration on thermal performance

In this section the dual effects concerning the mass flow rate and the volume concentration of the nanoparticles are investigated and
recorded in Table 5 in order to see to what extent to propose an optimal configuration in agreement with the results of the previous
section. This analysis was performed at 11:00 local time under fixed solar irradiance, with a range of nanoparticle concentration
variation of 1-4% and for the mass flow rate of 0.06-0.46 kg/s. For all HTFs configurations, the thermal efficiency decreases with



Table 4

Comparison of the dual effects of solar irradiance and the variation of the nanoparticle concentration according to the HTFs configurations on the thermal efficiency of the PTSC (in %).
3] = = = = = =
E (=] ~— N l32] < n
==} — — — — — —
-
<
Q
e}
-
VOLUME FRACTION 1% 2% 3% 4 % 1% 2% 3% 4 % 1% 2% 3% 4 % 1% 2% 3% 4 % 1% 2% 3% 4 % 1% 2% 3% 4 %
JATROPHA 69.84 69.84 69.84 69.84 70.04 70.04 70.04 70.04 70.18 70.18 70.18 70.18 70.28 70.28 70.28 70.28 70.38 70.38 70.38 70.38 70.55 70.55 70.55 70.55
COLZA 74.04 74.04 74.04 74.04 74.18 7418 74.18 7418 7430 74.30 74.30 74.30 74.44 74.44 7444 7444 7462 7462 74.62 74.62 74.95 7495 74.95 74.95
AL;03/COLZA 76.02 77.99 79.93 81.84 76.12 78.05 79.96 81.84 76.24 78.16 80.06 81.94 76.39 78.33 80.25 82.14 76.63 78.62 80.58 82.51 77.08 79.18 81.25 83.28
SIO,/COLZA 74.49 7495 7541 75.87 74.63 75.09 7555 76.03 74.76 75.22 75.69 76.17 7490 75.36 7584 7631 7508 7556 76.03 76.52 75.43 7591 76.39 76.89
AL,03/JATROPHA 71.80 73.74 75.66 77.55 71.96 73.87 75.76 77.62 72.09 73.99 75.88 77.73 7221 7413 76.03 77.90 7236 74.33 76.27 78.19 72.64 7471 76.76 78.77
SiO,/JATROPHA 69.63 69.42 69.21 69.01 69.84 69.65 69.46 69.27 69.99 69.80 69.62 69.43 70.09 69.90 69.71 69.53 70.18 69.98 69.78 69.59 70.33 70.11 69.89 69.68
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Table 5

Comparison of the dual effects of nanoparticle volume fraction and mass flow rate according to HTFs configurations on the thermal efficiency of the PTSC (in %).

= =

= —

=] b

-

<

Q

e}

-

VOLUME FRACTION 1% 2% 3% 4 %

FLOW RATE (KG/S) 0.06 0.16 0.26 0.36 0.46 0.06 0.16 0.26 0.36 0.46 0.06 0.16 0.26 0.36 0.46 0.06 0.16 0.26 0.36 0.46
JATROPHA 65.75 60.12 54.02 4825 4255 6575 60.12 54.02 4825 4255 6575 60.12 54.02 4825 4255 6575 60.12 54.02 48.25  42.55
COLZA 69.88 64.52 57.33 50.88 44.73 69.88 64.52 57.33 50.88 44.73 69.88 64.52 57.33 50.88 44.73 69.88 64.52 57.33 50.88 44.73
AL;03/COLZA 71.81 69.22 63.75 58.60 53.53 73.74 74.05 70.55 66.99 63.29 75.64 78.93 77.63 75.95 73.94 77.52 83.80 84.86 85.28 85.25
SIO,/COLZA 70.33 65.01 57.80 51.34 45.19 70.79 65.51 58.28 51.81 45.65 71.25 66.02 58.77 52.28 46.12 71.72 66.54 59.26 52.76 46.59
AL,03/JATROPHA 67.66 6439 59.89 5539 50.74 69.57 68.77 66.07 63.10 59.79 7145 7322 7251 7130 69.61 7331 77.67 79.09 79.82  79.99
SIO,/JATROPHA 65.59 59.28 52.51 46.27 40.30 65.44 58.45 51.01 44.27 38.03 65.28 57.62 49.50 42.27 35.74 65.13 56.79 48.00 40.26 33.43
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increasing mass flow rate and at the same time increases with volume fraction. An average decrease in efficiency of about 6 % is
observed with each 0.1 kg/s increase in base fluid (rapeseed and jatropha). For volume fraction dependent HTFs configurations, the
sensitivity of thermal efficiency to flow rate variation is implicitly a function of the nanoparticle configuration and its concentration.
For the nanofluid configuration with SiO», at 1 % volume fraction, the thermal efficiency decreases by about 5.30 % on average with
each 0.1 kg/s increase. This rate of gradual decrease in efficiency with respect to mass flow rate increases by about 1 % with each 1 %
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Fig. 7. Differential daily effects of HTF inlet temperatures on their outlet temperatures.
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increase in volume fraction. For the nanofluids configuration with Al;Os, at 1 % volume fraction, the thermal efficiency decreases very
variably with each 0.1 kg/s increase. The same is true when the rate of gradual decrease in efficiency versus mass flow rate increases
with each 1 % increase in volume fraction. The best configurations of HTFs are AloO3/rapeseed, SiOy/rapeseed, and Al;Os/jatropha for
nanoparticle volume fractions in the 3-4% range. As for the mass flow rate, the choice depends on the type of thermal performance
sought (temperature or yield). For this work, the optimum chosen is 0.06 kg/s, volume fraction at 3.5 % and Al,O3/rapeseed nanofluid.

3.5. Effects of inlet fluid temperature on thermal performance

As presented by the experimental study [40], and in validation tests as a highly influential parameter, fluid inlet temperature plays
a role in the energy transfer process in PTSCs [34]. This section describes the variational effects of fluid inlet temperature on PTSC
system performance. The evaluation is first carried out on the fluid outlet temperature and then on the thermal efficiency of the system
for each HTF configuration. For this analysis, the flow rate is set at 0.06 kg/s and the nanoparticle volume fraction at 3.5 %.

On HTF outlet temperature: Fig. 7a—f shows the results obtained for each HTF from the variation in inlet temperature over a range
from 25 °C to 55 °C in 10 °C steps. For all the HTF configurations used, the outlet temperature increases with the inlet temperature, in
accordance with the results of Ray et al. [43]. The increase in inlet fluid temperature is seen as a preheating system that promotes rapid
temperature rise as the fluid flows through the absorber tube to reach high outlet temperatures. When the maximum temperature of the
HTF is quickly reached at a distance Ax < L of the length of the absorber tube before the end of the flow process, the temperature
gradient (between the inner and outer surface of the absorber tube) created in the absorber tube favors the increase of heat losses. This
depends strongly on the thermophysical and optical properties of the absorber tube. These effects are quantified at all temperatures,
which can be seen in Figs. 8 and 9 from a comparison of the differences between the outlet temperature values of the absorber tube and
the HTF depending on the configuration. All this generally affects the thermal efficiency of the system which is very sensitive to the
variation of the thermal gradient. For each variation of the inlet temperature from 25 °C to 55 °C by steps of 10 °C, the average
temperature during the day increases by about 5 °C using AlpOs/rapeseed, 8 °C using rapeseed, 7 °C using jatropha, 7.5 °C using
SiOy/rapeseed, 5 °C using AlyO3z/jatropha and 7 °C using SiOy/jatropha. This increase in inlet temperature is more favorable to the
rapeseed fluid but the high temperatures are obtained using Al,O3/rapeseed.

On thermal efficiency: the thermal efficiency analyses of the PTSC system were evaluated between 10:00 and 14:00 local time and
the results are recorded in Table 6. It can be seen that the thermal efficiency of all HTFs configurations decreases with increasing inlet
fluid temperature. This result was found by Ray et al. [43] in their work. The influence is less observed during average sunshine hours.
These effects are more important for nanofluids due to their high heat transfer capacity compared to base fluids.

Thus the choice of the inlet temperature of the fluid must take into account the amount of incoming heat flow in order to limit the
thermal losses. The best thermal performance for all HTF configurations is obtained at 25 °C and the Al;O3/rapeseed nanofluids is the
best HTF. Finding an optimal condition for best performance in both fluid outlet temperature and thermal efficiency of the PTSC would
be an asset for its proper operation.

4. Conclusions

The quantitative and qualitative thermal analyses carried out in this study have led to several understandings of the proposed new
thermal design. The PTSC model is validated with three HTFs configurations (rapeseed, Al;Os/rapeseed, SiOy/rapeseed) in com-
parison with the numerical results of Ref [34] and experimental results of Ref [40] and an optimal PTSC approach is obtained. Based on
the key parameters of the model used in its numerical validation and also on the different configurations of HTFs, several comparative
studies of the different dual effects have been made and the main conclusions are as follows.
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ig. 8. Average effects of variable inlet temperatures of HTFs on their outlet temperatures.
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Fig. 9. Average effects of variable HTF inlet temperatures on the absorber tube outlet temperature according to configurations.

e The use of rapeseed increases the thermal efficiency of the system by around 4.21 % compared with Jatropha. The use of 1 % Al,O3
with rapeseed increases thermal efficiency by 1.96 %, while the use of 1 % SiO, with rapeseed improves thermal efficiency by 0.47
%. For both base fluids, on average Al;O3 improves the thermal efficiency of the PTSC more than SiO5 by 1.97 % and less than 1 %
respectively.

Increasing the concentration of nanoparticles leads not only to improved performance, but also to a reduction in heat capacity,
which decreases with thermal efficiency. However, the use of nanoparticles with high thermal conductivity does not necessarily
guarantee an increase in the thermal efficiency of the PTSC system.

Increasing the base fluids by 0.1 kg/s reduces thermal efficiency by an average of 6 %. The best configuration is Al;03/rapeseed
with 0.06 kg/s volume fraction 3.5 %.

For a range from 25 to 55 °C, increasing the inlet fluid temperature by 10 °C improves the outlet temperature of base fluids (8 °C for
rapeseed, 7 °C for jatropha), followed by nanofluids with SiOy (7.5 °C for SiOo/rapeseed, 7 °C for SiOy/jatropha) and then
nanofluids with Aly03 (5 °C for Al,O3/rapeseed and 5 °C for AlyOs/jatropha). However, high temperatures are obtained with
Al,O3/rapeseed.

New experimental studies on the characterization and determination of the thermo-physical and rheological properties of vegetable
oils under new operating conditions more improved than those of Ref [12,32] could be promising in exploiting their high-temperature
properties. This would make vegetable oils better HTFs in PTSC compared with synthetics such as Therminol VP-1.

Funding statement

This study did not receive funding from any person or institution.
Data availability statement

The data used are included in the manuscript and the references have been mentioned in the manuscript.
CRediT authorship contribution statement

Venant Sorel Chara-Dackou: Writing — review & editing, Writing — original draft, Visualization, Validation, Software, Resources,
Methodology, Investigation, Formal analysis, Data curation, Conceptualization. Donatien Njomo: Visualization, Validation, Super-
vision, Conceptualization. René Tchinda: Visualization, Validation, Supervision, Conceptualization. Yvon Simplice Kondji: Visu-
alization, Validation, Supervision, Conceptualization. Mahamat Hassane Babikir: Writing — review & editing, Writing — original
draft, Software, Methodology, Formal analysis, Conceptualization. Hermann Chopkap Noume: Software, Methodology, Formal
analysis, Data curation. Boris Abeli Pekarou Pemi: Writing — original draft, Resources, Methodology, Formal analysis. Armel
Zambou Kenfack: Software, Resources, Investigation, Formal analysis. Ibrahim Ngapouth Mbouombouo: Writing — review &
editing, Visualization, Validation, Supervision, Resources.

Declaration of competing interest

The authors declare that this study has in no way been funded by any company or institution. It is the personal contribution of the
paper authors.

13



141

Table 6
Comparison of the dual effects of solar irradiance and inlet temperature according to HTF configurations on the thermal efficiency of the PTSC (in %).
= = = = =
= = S 3 A
INLET TEMPERATURE 25°C 35°C 45°C 55°C 25°C 35°C 45°C 55°C 25°C 35°C 45°C 55°C 25°C 35°C 45°C 55°C 25°C 35°C 45°C 55°C
JATROPHA 70.04 69.03 68.12 67.34 70.18 69.18 6828 67.50 70.28 69.28 68.36 67.57 70.38 69.35 6841 67.58 70.55 69.48 68.49  67.60
COLZA 74.18 73.14 72.13 71.19 74.30 73.27 72.27 71.34 74.44 73.40 72.38 71.44 74.62 73.56 72.51 71.51 74.95 73.87 72.76 71.69
AL;03/COLZA 80.90 78.35 76.43 74.92 81.01 78.48 76.58 75.09 81.20 78.64 76.72 75.20 81.55 78.90 76.90 75.30 82.27 79.45 77.29 75.56
SI02/COLZA 75.79 74.75 73.75 72.83 75.93 74.90 73.91 73.01 76.07 75.04 74.03 73.11 76.27 75.21 74.16 73.18 76.64 75.54 74.43 73.36
AL,03/JATROPHA 76.69 7419 7237 7101 76.81 7433 7253 71.19 76.97 7446 7264 71.28 77.24 7464 7275 71.32 77.77 75.00 7298 71.43
SIO,/JATROPHA 69.36 68.46 67.65 66.96 69.52 68.63 67.82 67.14 69.62 68.72 67.90 67.21 69.69 68.76 67.92 67.19 69.78 68.83 67.94 67.15
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Annexe.
Table A
PTSC technical specifications [19].
Parameter Value/unit
Absorber length (L) 7.8m
Concentrator aperture (Wqp) 5m
Focal length (f) 1.84m
Concentration factor 22.42
Aperture angle (@) 68.38°
Absorber outer diameter (Dg) 0.07m
Absorber inner diameter (D7) 0.066 m
Glass envelope outer diameter (D4) 0.115m
Glass envelope inlet diameter (D3) 0.109 m
Absorber thermal conductivity (kqp) 54 W/m°C
Glass envelope thermal conductivity (k.) 1.2 W/m°C
Absorber tube absorption (agp) 0.906
Glass envelope absorption (a,) 0.02
Glass envelope transmitivity (z,) 0.95
Transmitivity-absorptivity factor (ap) 0.864
Absorber thermal capacity (Cpg) 500 J/kg°C
Glass envelope thermal capacity (Cpe) 1090 J/kg°C
Absorber density (pab) 8020 kg/m®
Glass envelope density (p.) 2230 kg/m°
Absorber emissivity (eqp) 0.14
Glass envelope emissivity (e.) 0.86
Reflectance of reflector (pg) 0.93
Interception factor (y) 0.92
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Nomenclature

Abbreviations

PTSC: Parabolic Trough Solar Collector
HTF: Heat Transfer Fluid

CAR: Central African Republic

Symbols

A: surface (mz)

Cp, C: specific heat at constant pressure (J/kg. °C)
D: diameter (m)

Eff: Efficiency (%)

Err: Error (%)

h: heat coefficient transfer (W/m2°C
I solar irradiance (Wh/m?)

k: thermal conductivity (W/m. °C)
Q: heat (Wh)

m: mass flow rate (kg/s)

T: temperature (°C)

TL¢: sunset time

TL: Local time
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V: speed (m/s)
m: mass flow rate (kg/s)
n: factor of empirical form

Greek symbols

¢: Volume fraction (%)

u: dynamic viscosity (Pa.s)
p: density (kg/m%)

n: Efficiency (%)

€ i emissivity

Sucbsripts

a: surrounding air
ab: absorber

b: bracket

in: intlet

beam: beam radiation
co: collector

e: glass envelope
f: fluid

nf: nanofluid

bf: basefluid

np: nanoparticle
out: outlet

s: sky
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