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Investigations on the potential thermal efficiency of an innovative nanofluid solar 
thermal collector have been performed using a commercial software (RadTherm 
ThermoAnalytics rel. 10.5). The Al2O3-nanofluid has been simulated as working 
fluid of the solar thermal collector, varying the nanoparticles concentration from 
0%vol of Al2O3 nanoparticles (pure water) up to 3%vol of Al2O3 of nanoparticles. 
The numerical model has been validated with experimental data, obtained with a 
real prototype of the simulated solar thermal collector. Real thermal properties 
of the nanofluids at different concentrations have been used in the simulations. 
The boundary conditions used for the simulations have been those of real weath-
er conditions. An increase in thermal efficiency (up to 7.54%) has been calculat-
ed using nanofluid with a volume fraction of 3% and the influence of nanoparti-
cles concentration on the thermal performance of the solar collector has been 
pointed out. 
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Introduction 

Nanofluids are one of the most promising technologies for increasing the perfor-

mance of heat transfer fluids [1-3]. Colangelo et al. [1, 4] investigated the performance en-

hancement of nanofluids, used as heat transfer fluids, based on water and diathermic oil. A 

cooling system that used Al2O3-water nanofluid, able to increase the efficiency of a wind tur-

bine was investigated by de Risi et al. [5]. The effects of using nanofluids inside solar systems 

were investigated by Lu et al. [6]. They used water-CuO nanofluids in an evacuated tubular 

solar air collector, integrated with simplified compound parabolic concentrator (CPC) and a 

special open thermosyphon. The mean evaporating heat transfer coefficient on the spirally 

coiled tube was calculated for water-CuO nanofluids, with a mass fraction between 0.8%wt 

and 1.5%wt. Results were compared with heat transfer coefficient obtained with pure water. 

In their work the heat transfer coefficient was directly proportional to the mass fraction of sol-

id phase for values up to 1.2%wt. Chougule et al. [7] studied efficiency of heat pipe solar col-

lector, with pure water and water-CNT nanofluid. For this purpose, two identical set-ups were 

built and the working fluid was water in one set-up and water-CNT 0.15%vol nanofluid in the 
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other one. The effects of a solar tracker and tilt angle were investigated. With 50° tilt angle 

for both water and nanofluid as working fluid the best results have been obtained. Besides so-

lar tracker increases efficiency of heat-pipe solar collectors. Efficiency of heat-pipe solar col-

lector vs. reduced temperature differences has been analyzed. Results showed that water-CNT 

nanofluid increased efficiency up to 10%, compared to that obtained by using pure water. The 

use of nanofluids in solar thermal systems, as heat transfer fluid, is a very promising solution 

to improve the overall efficiency, as proved by many recent works [8-16]. On the other hand, 

nanofluids revealed some technical issues in traditional solar flat panel, because of nanoparti-

cles sedimentation, as highlighted in the work of Colangelo et al. [17]. One of the modern ap-

proach to implement the thermal model of a solar thermal collector is the discretized thermal 

model and it is at the basis of a numerical solution. Klein et al. [18] developed a lumped mod-

el considering the heat transfer fluid temperature variation along the collector. This model, 

1n-node model, is discretized as an unsteady energy balance for each point. Kamminga [19] 

considered, instead, the thermal capacitance of the fluid in a 3n-node model: absorber, cover 

and heat transfer fluid. Considering also the capacitance of the thermal insulation of the col-

lector, it is a 4n-node model. The thermal profile of the discretized model results from a set of 

linear PDE, simplified into ordinary PDE, solved by means of numerical Runge-Kutta method 

[20]. Oliva et al. [21] developed a numerical method based on a 4n-node model: the thermal 

inertia of the components is considered and the heat transfer fluid is calculated solving the 

Navier-Stokes equations, with a finite volume approach. Taylor et al. [22] demonstrated that 

nanofluids, used as working fluid in a receiver of a concentrating solar thermal system, can 

increase efficiency up to 10.0%, if compared to traditional fluids. Otanicar et al. [23] investi-

gated the effects of water based nanofluids with silver nanoparticles in a direct absorption so-

lar collector, obtaining an improved efficiency, dependent on particle size. Yousefi et al. [24] 

considered nanofluids improvements in a flat solar collector, using water-Al2O3 nanofluid 

with a weight fraction of 0.2%. They obtained enhancement of efficiency of 28.3%, in com-

parison with water, and by using a surfactant the efficiency enhanced was 15.63%. The tech-

nical issue of sedimentation phenomenon, which can be detected in solar collectors was faced 

by Colangelo et al. [17]. To avoid this problem, they proposed a modified flat plate solar col-

lector, in order to maintain a constant flow velocity along both bottom and top header. In this 

paper the investigation is, therefore, focused on thermal modeling of a flat solar thermal col-

lector, with the same geometrical characteristics of the solar collector built by Colangelo et al. 
[17]. The goal is to evaluate the efficiency, by using bi-distilled water and Al2O3 nanofluid 

with different nanoparticles concentrations as heat transfer fluid and to evaluate the influence 

of the concentration on the thermal performance of the system with the same boundary condi-

tions. For this purpose, four different nanofluid concentrations have been simulated as work-

ing fluid in the system: 0%vol, 1%vol, 2%vol, and 3%vol. 

Solar collector and model description 

The thermal model of the solar thermal collector has been implemented with 

RadTherm (ver. 10.5, Thermoanalytics Inc., USA) [25], that is a thermal analyzing software 

based on finite element method analysis. Thermal models in RadTherm are based on surface 

mesh and organized into a hierarchical arrangement of nodes, elements, parts, and assemblies. 

The energy balance is based on combination of radiation, convection, and conduction. Envi-

ronmental effects are also included as boundary conditions. Each element in the surface mesh 

shows two sides (front and back) separated by a specified thickness and has an associated 

thermal node. The energy equation is then discretized by using the Crank-Nicholson implicit 
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finite difference scheme, which is second-order accurate in time and space [26]. RadTherm 

allows considering a variable solar irradiance and variable weather conditions (ambient tem-

perature, wind speed, and direction). Therefore, simulations have been performed taking into 

account real environmental conditions. The solar collector is made of a Cu absorber, two 

header tubes and nine riser tubes. For both top and bottom header, Cu tubes with inner diame-

ter of 20 mm and thickness of 1 mm, respectively, have been considered, while Cu tubes with 

inner diameter of 10 mm and thickness of 1 mm, respectively, have been modeled for riser 

tubes. The tubes are welded on a 1332 × 860 mm Cu plate and coated with black paint. A 

shaped element is inserted inside the top and bottom header to maintain a constant flow veloc-

ity in order to avoid sedimentation phenomenon. The absorber is inserted inside a galvanized 

steel frame, covered with a polycarbonate plate and insulated with 22 cm thick glass wool and 

polyurethane panel. The heat transfer fluid inside the solar collector is a nanofluid consisting 

of a dispersion of variable concentration of Al2O3 nanoparticles having a nominal diameter of 

45 nm in bi-distilled water. 

The following assumptions have been made. 

– Uniform and constant temperature at the inlet of the solar thermal collector. 

– The nanofluid is considered as a homogeneous mixture. 

– No dust is deposited on the collector surface. 

– The junctions between Cu plate and Cu riser tubes are perfectly adhering. 

– The solar collector is facing south without external shading. 

– Hourly data for solar radiation, air temperature and wind speed were collected by a 

weather station, installed in city of Lecce (south of Italy) on the structure of the experi-

mental set-up. 

– The simulations have been carried out under steady-state conditions, according to standard 

EN 12975–2. Thermal solar systems and components – Solar collectors – Part 2: Test 

methods [27]. 

The solar collector has been modeled with a mesh made of 194405 shell elements, 

as reported in fig. 1, where it is possible to see the model in the RadTherm environment with 

the protective transparent polycarbonate cover (a) and without this component (b). 

The mathematical model 

performs the energy balance of 

the solar collector. The energy 

balance considers the total ir-

radiance incident on the col-

lector, the optical losses, the 

thermal losses and the thermal 

energy transferred to the 

nanofluid. Heat transfer by 

conduction to the panel struc-

tural frame is often ignored 

because of the small area of 

contact. However, in this 

work, it is considered through-

out the RadTherm software. 

Steady-state heat conduction is 

computed with eq. (1): 

 
  0k T    (1) 

Figure 1. Mesh of the model; (a) with protective polycarbonate 

cover, (b) without cover 
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A schematic picture of the computational layers of a section of the model of the 

thermal collector, as shown in fig. 1, and of the main energy fluxes are shown in fig. 2. A part 

of the incident solar energy is absorbed by the polycarbonate layer, qsol_plc. The radiation 

transmitted through the polycarbonate, qsky_rad, is intercepted by the absorber and then trans-

ferred to the heat transfer fluid by convection. The remaining part of energy is retransmitted 

back via the top of the panel by convection and radiation, Uf, as well as by the back of the 

panel, Ub, and heat loss through thermal bridges at the junctions, Uloss_bridge. 

Heat transfer through the polyurethane, 

wool glass mattress and the structure of panel 

occurs both for convection and conduction. The 

mechanism of the convective heat transfer de-

pends on the pressure inside the section between 

the two surfaces. At low pressures the heat 

transfer is mainly due to molecular conduction 

but at high pressures natural convection is prev-

alent. Radiation is always present and represents 

the most important contribution in heat transfer. 

Between the external surface and the atmos-

phere, heat is exchanged for both convection 

and radiation. Radiative heat transfer, due to the 

temperature difference between the outer surface and the sky, is evaluated approximating the 

panel as a small gray and convex surface in a large cavity, approximated as a black body (the 

sky). RadTherm considers multimode heat transfer, taking into account the not homogeneous 

temperature field that is created by the heat transfer fluid, which flows from the inlet to the 

outlet of the absorber piping. RadTherm numerically solves the continuity and momentum 

equations, which governs the fluid flow, as in eqs. (2) and (3): 

 
  0u   (2) 

 
21u

u u p u
t



 


      


 (3) 

The heat transfer equation is also solved for heat transfer in the flowing fluid into 

the Cu piping, as shown in eq. (4): 

 
 pc u T k T     (4) 

The density of the nanofluids has been calculated using the formula given by 

eq. (5) [28]: 

  nf fl p1       
(5) 

The specific heat of the nanofluid has also been calculated using the formula [28] in 

eq. (6): 

  nf fl1 pc c c     (6) 

The correlation, that was used here, is: 

 
  fl fl p

nf
nf

1 pc c
c

  



 
  (7) 

Figure 2. Layers and main energy fluxes of the 

solar collector model 
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Viscosity increase, as a function of volume concentration, is obtained by the Ein-

stein eq. (8) [29, 30], for dilute non-interacting suspensions of spherical particles: 

 
i r 1 2.5      (8) 

Where μr is the so-called relative viscosity given by eq. (9): 

 i
0





  (9) 

where φ is the particle volume concentration. It can be seen that nanofluid viscosity increases 

with increasing of nanoparticle concentration in a non-linear manner and the Einstein equa-

tion greatly under predicts the nanofluid values, although the equation has shown to be able to 

predict the viscosity of suspensions with a volume concentration up to 10% with an uncertain-

ty less than 6%, as demonstrated by Goodwin and Hughes [31]. 

Regression of the experimental data of Chen et al. [32] gives the eq. (10): 

 
2

i r 1 10.6 (10.6 )        (10) 

The bi-nomial relationship between the viscosity variation and the nanoparticle vol-

ume concentration is similar to that for aqueous-based Al2O3 nanofluids [33, 34] and EG-

based Al2O3 nanofluids [34]. For thermal conductivity properties of nanofluid made of com-

mercial Al2O3 nanoparticles and bi-distillated water, the experimental measures, contained in 

Colangelo et al. [1], have been considered. Nanoparticles have a spherical shape, a density of 

3700 kg/m
3
 and an average diameter of 45 nm. In particular, considering bi-distilled water as 

base fluid, volume fraction of Al2O3 particles of 3% gives an enhancement of thermal conduc-

tivity up to 6.70%. The simulations have been carried out in steady-state conditions, accord-

ing to EN 12975–2 standard [27] and, therefore, efficiency of solar thermal collector has been 

calculated.  

The power extracted by solar collector, is calculated with eq. (11): 

 
 out inpq mc T T   (11) 

where q can also be obtained through efficiency, η: 

 
Gq   

(12) 

Efficiency is represented as a function of * ,mT  reduced temperature difference: 

 
 * in out

a

1

2
m

T T
T t

G

 
   

 (13) 

RadTherm allows calculating the temperature profile of a component or part of it. 

The result of each simulation is, therefore, the temperature profile of the solar thermal collec-

tor, in particular the temperature Tout. 

Simulated cases 

The simulated cases in RadTherm were summer and winter solstices, in which heat 

transfer fluid has been changed in order to determine thermal efficiency, tab. 1. The test is 

performed by measuring *
mT , in clear sky condition, for four levels of temperature of inlet 

fluid. The inlet temperature has been set at 30 °C, 45 °C, 55 °C, and 65 °C, respectively, at 
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summer and winter solstice. Flow rate of 0.02 kg/s has been considered, as that used to investi-

gate sedimentation of nanofluid inside solar collector with transparent tubes [17], and real wea- 

ther data were considered as air temperature, wind speed, solar radiation, etc. The solar collector 

has been simulated with a tilt angle of 30° at summer solstice and of 50° at winter solstice. A 

summary of the properties of materials is shown in tab. 2. 

Model validation 

The validation of the thermal model has 

been obtained with experimental data, acquired 

during the prototype testing. The experimental set-up 

to measure the efficiency of the flat panel solar 

thermal collector is based on the EN 12975-2 

standard [27]: efficiency measurements shall be 

made over a temperature range between ambient 

temperature and 80 °C, under clear sky conditions 

[35]. In the experimental tests, inlet temperature of 

solar collector is adjusted by band heaters, con-

trolled by a PID circuit, whereas thermal equilibrium is guaranteed by a shell and tube heat 

exchanger and an air-water heat exchanger. The Pt100 sensors are used to measure both inlet 

and outlet temperature of solar collector and heat exchanger. The system measures direct irra-

diance and diffuse irradiance on solar collector by means of pyranometers. The efficiency, 

calculated with the temperature, measured 

with thermocouples at the outlet of solar 

collector prototype in a clear-sky day of 

summer solstice (total solar radiation of 

920 W/m
2
, flow-rate of 0.02 kg/s), is re-

ported in fig. 3. With the same test condi-

tions, thermal simulations have been per-

formed and their results are presented in 

fig. 3 as well. The errors between exper-

imental data and calculated results with 

RadTherm are reported in tab. 3. The 

model yields results with an acceptable 

error if compared with experimental data. 

Table 1. Summary of test cases 

Case Period Tin fluid Tilt 

1 Summer solstice 30°C 30° 

2 Summer solstice 45°C 30° 

3 Summer solstice 55°C 30° 

4 Summer solstice 65°C 30° 

5 Winter solstice 30°C 50° 

6 Winter solstice 45°C 50° 

7 Winter solstice 55°C 50° 

8 Winter solstice 65°C 50° 

Table 2. Material properties – solar thermal collector 

 Material , [kgm–3] k, [Wm–1K–1] cp, [Jkg–1K–1] 

Transparent sheet Polycarbonate 1200 0.2 1300 

Absorber Cu 8954.35 
Function of 
temperature 

Function of 
temperature 

Insulation sheet 1 Glass wool 960 0.3 2300 

Insulation sheet 2 Polyurethane 1200 0.35 2090 

Galvanized box Steel 7817 
Function of 
temperature 

Function of 
temperature 

Figure 3. Thermal model validation 
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Table 3. Error – thermal model validation 

 Tin [°C] Tout [°C] Tout [°C] mT 
 η η – error 

 1 – Model 30.5 36.56 
0.04 

0.0093 0.492 
0.37% 

 1 – Experimental 30.5 36.60 0.0093 0.496 

 2 – Model 45 50.26 
0.07 

0.0148 0.428 
0.61% 

 2 – Experimental 45 50.34 0.0149 0.434 

 3 – Model 52 56.69 
0.30 

0.0221 0.381 
2.47% 

 3 – Experimental 52 56.39 0.0220 0.357 

 4 – Model 65 68.94 
0.03 

0.0359 0.320 
0.21% 

 4 – Experimental 65 68.96 0.359 0.322 

Results and discussion 

As described previously, simulations have been carried out in significant days: 

summer and winter solstices. Efficiency of solar thermal collector has been calculated in a 

post processing session, according to EN 12975–2 standard [27], in clear sky conditions for 

four levels of temperature of the inlet fluid. Efficiency of solar thermal collector at its corre-

sponding *
mT  is reported in tab. 4 for summer solstice and in tab. 5 for winter solstice. In 

summer simulations the ambient air temperature is 30 °C and the global solar irradiance is 

920 W/m
2
. From the data reported in tab. 4, when the inlet temperature of bi-distilled water 

(BW) is 30 °C, the outlet temperature is 36.56 °C, corresponding to a thermal efficiency of 

0.492. The thermal efficiency increases when the Al2O3 nanofluid is used, yielding the benefit 

in terms of thermal efficiency increase of 3.054% for a volume concentration of 1% of Al2O3 

nanoparticles, 5.528% for a volume concentration of 2% and up to 7.384% for a volume con-

centration of 3%. In the second level of temperature, when the inlet temperature is Tin = 45 °C, 

the outlet temperature of bi-distilled water is 50.26 °C, corresponding to a thermal efficiency 

of about 0.428. When the heat transfer fluid is the nanofluid, 1% of Al2O3, the gain in effi-

ciency is comparable to previous case and it is of 2.66%. The increase in thermal efficiency 

grows up with the nanofluid concentration and it is 4.802% with a volume fraction of 2% and 

it becomes 6.829% when using a nanofluid with a volume fraction of 3% on Al2O3 nanoparti-

cles. The third level of inlet temperature (55 °C), in summer solstice, is the typical working 

temperature of solar thermal collector for residential use. In this case the output temperature 

of bi-distilled water is 56.69 °C, obtaining a thermal efficiency of the solar collector of 0.389. 

Even if these data could appear a low value if compared to commercial solar collectors, they 

are acceptable because the panel is homemade and therefore is less efficient. The main aim of 

this investigation is not about the absolute performance of thermal solar collector, but about 

the influence of the usage of nanofluids in such a system and how the overall efficiency is in-

creased. In this case, using nanofluid with a volume fraction of 1% increases efficiency of 

2.045%. Using nanofluids with higher volume fractions leads to better performance. With 

2%vol Al2O3 nanofluid the increase in efficiency is 3.805%, while 3%vol Al2O3 nanofluid the 

increase in efficiency is 6.431%. When the working fluid enters at 65 °C the working condi-

tions of the thermal panel are hard and the outlet temperature of bi-distilled water is about 69 °C, 

with an efficiency of 0.320. The benefit in terms of thermal efficiency increase is 1.563%, 

when 1%vol Al2O3 nanofluid is used, while it is 3.884% and 5.038% for the other investigat-

ed concentrations. Winter simulations results are shown in tab. 5. When the inlet temperature  
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of the heat transfer fluid is 30 °C, the outlet 

temperature, in the case of bi-distilled wa-

ter, is 35.30 °C that corresponds to a ther-

mal efficiency of 0.394. Thermal efficien-

cy of the panel is lower than in the summer 

solstice simulations: this is mainly due to 

the ambient temperature of about 13 °C 

and consequently to the higher thermal 

losses. In the simulations performed in 

winter solstice, the thermal efficiency in-

creases with the volume concentration of 

nanopowder as well. 

The increase is about 2.302% for 

volume concentration of 1% of Al2O3, 

3.886% for volume concentration of 2% of 

Al2O3 nanoparticles and 6.386% for vol-

ume concentration of 3%. In the second 

winter test case the inlet temperature of the 

heat transfer fluid is 45 °C. When the fluid 

is bi-distilled water, thermal efficiency is 

0.316 and the benefit in terms of increase 

in efficiency, when 1%vol. nanofluid 

flows, is 1.475%. As in other simulated 

cases, the efficiency gain increases with the 

nanofluid volume concentration: for 

2%vol. nanofluid it is 3.886% and for 

3%vol. nanofluid it is 5.162%. In the simu-

lations with inlet temperature of 55 °C and 

65 °C the difference of temperature with 

the external environment gives lower effi-

ciencies and the efficiency benefit, due to 

the use of nanofluid, is lower as well. The 

solar thermal collector efficiency in terms 

of mT    for all the simulated cases is repre-

sented in fig. 4, where it is possible to see 

the behavior of the collector by using dif-

ferent nanofluid volume fractions. It is evi-

dent that using Al2O3 nanofluids improves 

the thermal efficiency of the solar collector 

and in particular the efficiency increases 

with the nanoparticles volume fraction. 

Conclusion 

A new type of thermal solar collector working with water-Al2O3 nanofluid has been 

modeled with RadTherm ThermoAnalytics release 10.5. In particular, after the validation of 

the model a set of simulations has been performed in order to investigate the influence of the 

nanofluid volumetric concentration on the thermal performance of the solar collector. All the 

Table 4. Results – summer solstice 

Fluid 
Tin 

[°C] 
Tout 
[°C] 

mT 

 η η 

BW 30 36.56 0.0093 0.492 – 

1%-Al2O3 30 36.99 0.0095 0.523 3.054% 

2%-Al2O3 30 37.36 0.0097 0.548 5.528% 

3%-Al2O3 30 37.65 0.0099 0.566 7.384% 

BW 45 50.26 0.0148 0.428 – 

1%-Al2O3 45 50.64 0.0150 0.455 2.660% 

2%-Al2O3 45 50.96 0.0152 0.476 4.802% 

3%-Al2O3 45 51.15 0.0156 0.496 6.829% 

BW 55 56.69 0.0226 0.389 – 

1%-Al2O3 55 56.84 0.0233 0.410 2.045% 

2%-Al2O3 55 57.12 0.0234 0.427 3.805% 

3%-Al2O3 55 57.51 0.0235 0.454 6.431% 

BW 65 68.94 0.0359 0.320 – 

1%-Al2O3 65 69.17 0.0360 0.336 1.563% 

2%-Al2O3 65 69.49 0.0362 0.359 3.884% 

3%-Al2O3 65 69.68 0.0363 0.371 5.038% 

Table 5. Results – winter solstice 

Fluid 
Tin 

[°C] 
Tout 
[°C] mT 

 η η 

BW 30 35.30 0.0219 0.394 – 

1%-Al2O3 30 35.63 0.0220 0.417 2.302% 

2%-Al2O3 30 35.87 0.0222 0.433 3.886% 

3%-Al2O3 30 36.22 0.0224 0.458 6.386% 

BW 45 48.86 0.0372 0.316 – 

1%-Al2O3 45 49.09 0.0372 0.331 1.474% 

2%-Al2O3 45 49.47 0.0370 0.355 3.886% 

3%-Al2O3 45 49.67 0.0371 0.368 5.162% 

BW 55 55.44 0.0447 0.282 – 

1%-Al2O3 55 55.60 0.0448 0.293 1.045% 

2%-Al2O3 55 55.88 0.0450 0.313 3.046% 

3%-Al2O3 55 56.10 0.0451 0.328 4.577% 

BW 65 68.02 0.0588 0.248 – 

1%-Al2O3 65 68.19 0.0589 0.259 1.115% 

2%-Al2O3 65 68.29 0.0596 0.268 1.997% 

3%-Al2O3 65 68.58 0.0591 0.287 3.861% 
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simulations have been performed with 

real weather conditions in the city of 

Lecce, Italy considering four levels of 

temperature of inlet fluid in summer 

and winter solstices. The simulations 

were carried out to model the heat 

transfer in the solar thermal collector 

and to determine the gained thermal 

efficiency of using nanofluids instead 

of traditional working fluid. Nanoflu-

ids have shown an improvement of 

solar thermal collector behavior that is 

dependent on the nanoparticle concen-

tration and on the reduced temperature. In particular, the increase of thermal efficiency is bet-

ter for high nanoparticle concentration and for low values of the reduced temperature, leading 

to a maximum increase of 7.54% compared to bi-distilled water as working fluid. This study 

will be a guide for the design of the experimental campaign that will be performed on the real 

prototype in order to record data in different seasons and environmental conditions. 

Nomenclature 

A – surface area, [m2] 
cp – specific heat, [Jkg–1K–1] 
D – inside diameter, [m] 
G – solar radiation, [Wm–2] 
h – heat transfer coefficient, [Wm–2K–1] 
k – thermal conductivity, [Wm–1K–1] 
L – characteristic length, [m] 
m  – flow-rate, [kgs–1] 
qi – heat i mode, [Wm–2] 
p – pressure 
s – thickness of the i material, [m] 
Ti – temperature at i node, [K] 
ta – ambient temperature, [ºC] 
u – flow velocity, [ms–1] 
Ui – heat transfer coefficient, [Wm–2K–1] 

Greek symbols 

η  – efficiency 
μ – viscosity of suspension, [Pa s] 
ρ – fluid density, [kgm–3] 

φ – nanoparticle volumetric fraction 

Subscripts 

a – available 
b – back of panel 
bridge – thermal bridge and junction 
f – front of panel 
fl – heat transfer fluid 
i – increase 
in – inlet 
loss – thermal loss 
nf – nanofluid 
out – outlet 
p – nanoparticle 
plc – polycarbonate sheet 
r – relative 
rad – radiative heat transfer mode 
sky – sky 
sol – solar
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