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ABSTRACT

N

In the current study, a dish concentrator using a cylindrical cavity receiver is considered. The Al303/thermal
oil is used as the solar working fluid. The main aim of this research is examined the effect, of:the"nanoparticle
size and nanofluid concentration on the thermal performance of the investigated solar sys\tém The effect of
nanoparticle size in the range of 0.5 nm to 50 nm, and nanofluid concentration in the range of 0% VF to 5%
VF, are studied. The numerical thermal modeling is written by code in the Maple $6ftware, and the optical
simulation is conducted in the SolTrace software. It is concluded that the thermal efficiency and heat gain of
the cylindrical cavity receiver increases by decreasing the nanoparticle s@e and increasing nanofluid
concentration. Also, it is conducted that the outlet temperature of the nanoflliid decreases by increasing the
nanoparticle size and increasing nanofluid concentration. The results of:the current study shows that the
appropriate condition for achieving the highest thermal performapge ©f the cylindrical cavity receiver using
alumina/thermal oil is including the smaller nanoparticle size and hlgher nanofluid concentration.

Keywords: Thermal performance; nanofluid concentration; nanopartlcle size, cylindrical cavity receiver.

1- Introduction \
A

Today, the attention to the dish concentrator asyad\compact and efficiently technology for producing thermal
and power, is increased (Loni, Kasaeian, Ashi- Ardeh & Ghobadian, 2016; Loni, Kasaeian, Asli-Ardeh,
Ghobadian, & Le Roux, 2016). Dish collectoriconcentrates all of the incoming solar radiation to its focal point,
where the receiver is located. There aresdifferent types of receiver for dish concentrator such as external
receiver, spiral receiver, volume receiver,and cavity receiver (Pavlovic, Bellos, & Loni, 2017). Generally, the
cavity receivers due to their speual*structure for reducing the thermal heat losses, have the higher efficiency
compare to other types of receivers (Ginther, Shahbazfar, Fend, & Hamdan).

There are some researches are considered the cylindrical cavity receiver as the absorber of the dish
concentrators. Daabo et al. (Daabo, Mahmoud, & Al-Dadah, 2016) numerical evaluated the thermal and optical
manner of a parabolic dish Concentrator using three different shapes of cavity such as cylindrical, conical and
spherical cavity, keeeiver. Their results indicated that the conical cavity receiver has the highest optical and
thermal performanc\e. Loni et al. (Loni, Kasaeian, Asli-Ardeh, & Ghobadian, 2016) numerically considered
the optimum stelcture of a cylindrical cavity receiver as the heat source of the ORC system. The thermal oil
was appliedgas the solar heat transfer fluid. They investigated different parameters such as cavity depth,
aperture® diameter, inner tube diameter, mass flow rate, inlet temperature. Finally, the results reveal the
optinum structure and operational parameters of the investigated cavity receiver. Xiao et al. (L. Xiao, Wu, &
Li,,2022) theoretically evaluated the mixed convection heat losses from a cylindrical cavity receiver. Shen et
al(Shen, Wu, & Xiao, 2016) the mixed convection heat loss from a cylindrical cavity receiver under the windy
conditions. The influence of different parameters such as the surface temperature, cavity tilt angle, wind
incident angle, and wind speed were investigated.

Prakash et al. (Prakash, Kedare, & Nayak, 2009) researched a cylindrical cavity receiver numerically and
experimentally. They considered the impacts of the working fluid inlet temperature, wind speed, and cavity
inclination angle. They presented a Nusselt number for convection heat losses from the investigated cylindrical
cavity receiver. Azzouzi et a. (Azzouzi, Boumeddane, & Abene, 2017) experimentally and numerically
evaluated the thermal performance of a dish collector using a cylindrical cavity receiver and the water as the
solar working fluid. They received a good agreement between their experimental results and their calculated
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numerical study. Madadi et al. (Madadi, Tavakoli, & Rahimi, 2014) numerically and experimentally
considered the energy and exergy efficiency of a dish collector using different cavity receivers such as
cylindrical and conical cavity receiver. Water was used as the solar working fluid. They concluded that energy
and exergy performance of the cylindrical cavity receiver was higher than the investigated conical cavity
receiver. Wu et al. (Wu, Shen, Xiao, & Li, 2015) experimentally investigated a cylindrical cavity receiver
under mixed convection heat losses. They presented the Nusselt number of the mixed convection heat losses
under variation different parameters such as the wind speed, incident angle of the wind, and inclination angle
of the cavity receiver.

Also, Wu et al. (Wu, Shen, & Xiao, 2015) experimentally considered a cylindrical cavity receiver under
variation of cavity inclination, aperture ratio, and heat flux. The results indicated that the mvestlgated
parameters have a significant effect on the convection heat losses. Ma (Ma, 1993) conducted an experimental
study for investigation of the forced convection heat losses of a cylindrical cavity receiver unde\nﬁw windy
conditions. Mawire and Taole (Mawire & Taole, 2014) experimentally considered the efergy<and exergy
performance of a new design of a dish collector using a cylindrical cavity receiver&Eheir investigated
concentrator consists of heliostat reflecting mirrors that tracking the sun through a day. Thefi.the reflected solar
radiation is input in a parabolic dish concentrator. Finally, the total reflected solar raglatlon absorbed by the
cylindrical cavity receiver that setup at the focal point of the dish collector. In their. proposed design of the
solar system, the dish collector is stable and the heliostat reflecting mirrors tracking the sun light. They studied
the heat loss factor and optical efficiency of the considered setup. Xido%et'al. (G. Xiao et al., 2014)
experimentally evaluated a two-steps dish concentrator using a cylindrical gavity receiver for rotating a micro
gas turbine and the air as the solar working fluid.

On the other hand, the attention on application of the nanofluidhas'the solar working fluid, is increased ().
The thermal properties of the pure fluid can be improvedtbysadding some nanoparticle to their. The
combination of the pure fluid such as water and oil with the manoparticles, calls “nanofluid”. Khullar et al.
(Khullar et al., 2012) numerically investigated a nanoflaid-based concentrating parabolic solar collector
(NCPSC). The Al,Oz/ Therminol VP-1 was used as the solar working fluid. The results show thermal
performance enhancement about 5-10% for the mvesllgate NCPSC compare to the conventional parabolic
solar collector. Mahian et al. (Mahian, Kianifar, Sahm & Wongwises, 2014b) numerically evaluated the first
and second thermodynamic laws on the differehtiwater-based nanofluids (Cu/water, Al,Os/water, TiO2/water,
and SiO/water) in a minichannel-based solar collector. The results show the Cu/water nanofluid is the
appropriate nanofluid for application in the mvestlgated solar collector due to the highest outlet temperature
and the lowest entropy generation. >

Mahian et al. (Mahian, Kianifar, Sahin, & Wongwises, 2014a) numerically studied a flat plate collector
using Al,Og/waste nanofluid as'the’Solar working fluid. The influence of the four different nanoparticle sizes
and different volume concentration was investigated on the heat transfer parameter of their investigated solar
system. They concluded that the'nanoparticle volume fraction has a direct relation with outlet temperature of
the nanofluids. Mahian et‘al: (Mahian, Kianifar, Sahin, & Wongwises, 2015) analytically investigated the
effect of the SiO./water‘panofluid as the solar heat transfer fluid of a flat plate solar collector. The influence
of the different-values of pH and sizes of nanoparticles on the heat transfer, pressure drop, and entropy
generation was evaluated during their study. They resulted that the outlet temperature increased and entropy
generation decreased by the application of the nanofluid as the solar working fluid. Loni et al. (Loni, Asli-
ardeh, Ghepadian, Kasaeian, & Gorjian, 2017) thermodynamically modeled a cavity receiver using different
typestof \nanofluids. They resulted that Cu/thermal oil nanofluid had the best thermodynamic result on the
investigated solar system. Mohammad Zadeh et al. (Zadeh, Sokhansefat, Kasaeian, Kowsary, & Akbarzadeh,
20%5) numerically investigated the influence of the Al,Os/synthetic oil nanofluid as the solar working fluid of
a parabolic trough collector. A hybrid optimization method was used as the optimization method for the
investigated system. The results show that the higher nanoparticles concentration and lower operational
temperature caused the higher heat transfer manner of the investigated solar system.

It can be seen from the aforementioned literature review that there is not any report of investigation of the
nanoparticle size as the solar working in the dish concentrators. So, in the current study, the size and the volume
fraction of the alumina nanoparticles in a cylindrical cavity receiver, is examined as a novelty idea. Thermal
oil is used as the based fluid. The effect of nanoparticle size in the range of 0.5 nm to 50 nm, and nanofluid
concentration in the range of 0% VF to 5% VF, are studied. The results of the current study is useful for
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selection of the appropriate size and volume fraction of the alumina nanoparticles in the thermal oil for
achieving the highest thermal efficiency.

2- Simulation and Methodology

A cylindrical cavity receiver is investigated in this study. A schematic of the cylindrical cavity receiver is
shown in Figure 1. According to Le Roux et al. (Le Roux, Bello-Ochende, & Meyer, 2014), the factors
contributing to the temperature profile and heat flow on the receiver wall can be divided into two compenents:
geometry-dependent and temperature-dependent. Their research has shown that the effects of the geometry-
dependent factors can be found with SolTrace software as an optical analysis software. The temperature-
dependent factors including the radiation heat loss to the environment, the convection heat Iqss and the
conduction heat loss can be calculated from heat loss equations. In this study, these methods were applied to
calculate the temperature profile and the heat flow on the receiver walls. The dimension ot\the investigated
cylindrical cavity receiver is shown in Fig. 1.

AN
Figure 1: A schematic of the inve\stigated cylindrical cavity receiver.

Table 1- The specification of the cavity receiver.

AV
Parameters Cylindrical Cavity Receiver
Outer diameter of the cavity aperture (Dour) 16 cm
Inner diameter\of cavity aperture (Din) 14 cm
Keight of ‘the cavity receiver (h) 14 cm
Number.oftube turns at the cavity height 14
Diameter of the cavity inner tube (dube) 10 (mm)
> o Insulation thickness (t ins) 2 (cm)
A", Average insulation conductivity (K ins) 0.062 (W/m.K)
3 Optical efficiency 0.93
3 Emissivity of the black chromium coating (&) 0.01

The temperature-dependent factors could be calculated via the heat loss equations. These heat losses include
thedradiation heat loss to the environment, the convection heat loss, and the conduction heat loss. For
preventing the heat loss, mineral wool was used as the receiver insulation. It should be mentioned that the
overall heat losses due to conduction, radiation, and convection were calculated by assuming an average

receiver surface temperature of 200°C. The net heat transfer rate (Qnet) at the receiver tube is expressed as:
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Qnet =Q - Qloss,cond - Qloss,rad - Qloss,conv @)
Q' = nopticalnrele solar @
Q sotar = IsunDlonc/4 )
where Q* (W) is defined as the received solar heat flux to the cavity receiver, n is the optical

optical
efficiency, n_, refl is the dish reflectivity efficiency, which is assumed equal to 0.84 in this alr)lalysis 0 (W)
is the total received solar heat flux by the dish concentrator, I, is the beam solar radiation (W/m?), Dy is
the aperture dish diameter equal to 2 m. Also, Qloss cond W), Qloss raa (W) and Qloss cony (W)mare the
conduction heat loss, radiation heat loss, and convection heat loss, respectively, which are calculated in the
next subsections. On the other side, the optical efficiency is defined as the ratio of the heat powerabsorbed by
the cavity (Q ) 10 the total received solar heat flux by the dish concentrator: v
Qab N 4

Qsolar . N

It is worthy to notify that the @ , (W) was calculated by the SolTrace software. While the receiver thermal
efficiency (,,) is defined as the ratlo of the net heat transfer rate to the i mcomlng solar beam radiation of the
cavity receiver:

Qnet/ (nrele solar) a (5)

The surface temperature (T ,) and the heat flow (Q'net’n) at differentfelements of the tube are determined by

solving Egs. (6) and (11) using the Newton—Raphson Method [50].

o y (6)
(Ts n - 7il=_11 -—nem - Tinlet 0) X
' MnfCpnf ’ N

AN
1 1 O

solar

nopacal

net,n

HinnerAn = 2MugCpnf

where, The heat transfer coefficient for the examined case is calculated according to Eq. (7) :
fr N @
.Re.Pr N
NG

inner f
1+ 12.8.\/;. (P05 &)

The friction factor (f ) has to be determmed by the Eq. (8) as following:

fr—(079lnRe—164) 2 8
Moreover, the heat transfergeoefficient is calculated as:
K _ Nuiner Kiliia 9
mner dtube - '
On the other hand, t\he net heat gained can be calculated with Egs. (6) and (11) :
L . . . 10
Q N n\é Q n - Qloss,rad,n - Qloss,internal convn Qloss,external conv,n ( )
N
. x (11)
Q\ = Q —A4,5,0(Tsn*) + 4y z Foj&io(Tsn®) — An€n0Fy_o Tk — Ap(maTsp + ¢2)
n n j=1
A
AN _ n _
Rovrs (Tsn — Te)

The'receiver surface temperature at different elements of the tube and the heat flow depend on the receiver
aperture size, the mass flow rate of the solar working fluid, the receiver tube diameter, and the working fluid
inlet temperature. The optical parameters including the dish reflectivity, DNI (direct solar radiation) and the
reflector surface optical error are the other parameters which effect on the thermal efficiency of the system.
Each round of the spiral cavity receiver was assumed as a receiver element. The analysis is performed based
on real meteorological data for three investigated cavity receivers for 11:00 AM in a typical day in Tehran,
Iran (Table 2).
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Table 2: Values of solar irradiance on the collector, ambient temperature, and wind velocity for 11:00 AM in a
typical day (16 October 2016) in Tehran, Iran.

Wind speed (m/s) 15
Solar irradiation (W/m?) 711
Ambient temperature (°C) 20.2

In this paper, the operation with nanofluids is investigated. Al.Os/thermal oil nanofluid is tested and its thermal
properties are calculated according to the equations of this section. Table 3 includes the thermal properties of
the examined nanoparticle. It is obvious, that the nanoparticle present high density, high thermal conductivity
and low specific heat capacity.

Table 3: Properties of nanoparticle. \\\
Property Al;,O3 y
Thermal conductivity (W/m K) 40 > o
Heat capacity gJ/kg K) 765
Density (kg/m°) 3970 R

Equations 30-33 give the thermal properties of the nanofluids. The base fImdqs symbolized with (bf), the
nanoparticle with (np) and the nanofluid with (nf). N

The thermal conductivity of the nanofluid is calculated according to the siiggested equation by Yu and Choi
[45]:

K, +2'kbf+2'(kn _kbf)'(1+/3)3’¢ " (12)
Ko =Koy - —" - 3 ¥
knp +2'kbf _(knp _kbf )(1+ﬁ) ¢

The parameter B in this equation is the ratio of nano-layerthickness to the nanoparticles diameter which is
considered to be 0.1 in of this study [46]. The density of the mixture is given by equation 2 [47] and the specific

heat capacity according to equation 3 [48]: X
Prt = Pt * (1 ¢)+ Prop - P (13)
Pt (1_¢) Prp ¢ ® (14)
pnf = “Cp ot Gt
pnf /Onf
The dynamic viscosity is calculated aceording to the Batchelor model [49]:
fy = g (14259 +65-9°) (15)

N

3- Results and Discussion

Figure 3 shows(th@wariation of thermal efficiency of the investigated cylindrical cavity receiver versus the
variation of nanopamcle size at nanofluid concentration of 3% VF, and volume flow rate of 100 ml/s. It can
be seen from Flgure 3, the thermal efficiency of the cylindrical cavity receiver decreases by increasing the
nanoparticle:size. This issue is due to the decreasing cavity heat gain by increasing the nanoparticle size (see
Figure 3). Cbnsequently, it could be resulted that the thermal performance of the cylindrical cavity receiver is
|mproyed by application of smaller size of nanoparticle in the alumina/thermal oil nanofluid.
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Figure 2: Variation of thermal efficiency versus the variation of nanoparticle/size.
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Figure 3: Variation of cavity heat gain\versus the variation of nanoparticle size.

On the other side, the variation of outlet temperature of working fluid versus the variation of nanoparticle
size is displayed at nanofluid concentration ef'3% VF, and volume flow rate of 100 ml/s, in Figure 4. It could
be seen that the outlet temperature of the investigated nanofluid has the same trend compare to the thermal
efficiency, versus the nanoparticle size:«ln the other word, the outlet temperature of the nanofluid decrease by
increasing the nanoparticle sizer This issue is due to the decreasing cavity heat gain by increasing the
nanoparticle size (see Figure 3)C0nsequently, the smaller nanoparticle size should be used for achieving the
highest outlet temperature of the’ alumina/thermal oil as the solar working fluid in the cylindrical cavity
receiver.
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Figure 4: Variation of outlet temperature of working fluid versus the variation of nanoparticle size.
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In this section the effect of the effect of the nanofluid concentration on the thermal performance of the
cylindrical cavity receiver, is presented. The nanofluid concentration varies from 0.01 VF to 0.05 VF, whereas
the nanofluid concentration of 0 VF, presented the pure thermal oil as the solar working fluid. Figure 5 shows
the variation of thermal efficiency of the cylindrical cavity receiver versus the variation of volume fraction of
nanoparticle at nanoparticle size of 2 nm, and volume flow rate of 100 ml/s. As seen, the thermal efficiency of
the cavity receiver improves by increasing the nanofluid concentration. This issue is due to the increasing the
cavity heat gain by increasing the nanofluid concentration as shown in Figure 6. So, it could be resulted, the
higher nanofluid concentration should be applied for achieving the higher thermal performance of the
cylindrical cavity receiver using the alumina/thermal oil nanofluid. \
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Figure 5: Variation of thermal efficiency versus the variation/ofgolume fraction of nanoparticle.
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Figure 6: Variation of cavity heat gain versus the variation of volume fraction of nanoparticle.

N

Finally, the variation of.outlet temperature of working fluid versus the variation of volume fraction of
nanoparticle at nanoparticle,sizeé of 2 nm, and volume flow rate of 100 ml/s, is depicted in Figure 7. As
displayed, the outlet temperature of the nanofluid decrease by increasing the nanofluid concentration of the
alumina/thermal oil nanofluid. Consequently, the lower nanofluid concentration should be used for achieving

the highest outlet\t&mperature of the alumina/thermal oil as the solar working fluid in the cylindrical cavity
receiver. ¥
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A,
4- Conclusion 5

In the current study, a dish concentrator using a cylindrical cavity receiver{s\studied. Alumina/thermal oil
is used as the solar working fluid. The influence of the nanoparticle size and nanofluid concentration on the
thermal performance of the investigated solar system, is considered, The main achievement could be
summarized as following: N

- The thermal efficiency, and heat gain of the cylindrical cavity receiver decreases by increasing the
nanoparticle size. y

- The outlet temperature of the nanofluid decrease by ingreasing the nanoparticle size. Consequently, the
smaller nanoparticle size should be used for achieving thexhighest outlet temperature of the alumina/thermal
oil as the solar working fluid in the cylindrical cavity rgcéver.

- The thermal efficiency, and heat gain of<ther€avity receiver improves by increasing the nanofluid
concentration.

- The outlet temperature of the nanofluid decrease by increasing the nanofluid concentration of the
alumina/thermal oil nanofluid. Consequently,\?he lower nanofluid concentration should be used for achieving
the highest outlet temperature of the albmina/thermal oil as the solar working fluid in the cylindrical cavity
receiver.

N
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