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Abstract. A novel model of a rectangular direct absorption solar collector (DASC) based on carbon black 

(CB) nanofluids for concentrated solar power is presented herein. Distributions of temperature, velocity, 

volume fraction of nanofluid were analyzed as well as the effect of CB concentration. A mesh independence 

study was also conducted. The results show that the optimal temperature and efficiency were, respectively, 

331.669 K and 0.7234, for the concentration of 0.05 wt. %.  The main reason was that higher concentration 

of CB formed a “shield” that blocked the light. The distribution of temperature and velocity of the nanofluid, 

and the volume fraction of carbon black during the flow process were highlighted. The study reveals that the 

nanoparticle has huge potential to improve the efficiency of DASC.  

INTRODUCTION 

Nanofluids are colloidal suspensions of nanometer-sized particles [1]. Owing to their improved 

thermal proportions to the base fluid, nanofluids are considered to be excellent absorption fluids for solar 

collectors [2]. Many researchers investigated the performance of nanofluids in different solar collectors. 

Saidur [3] conducted a numerical study on the thermal performance in a flat plate solar collector (FPSC). 

The results show that the exergy efficiency increased with an increasing of the volume fraction of 

nanoparticles in fluid. Mwesigye et al. [4] numerically investigated the performance of a parabolic trough 

solar collector (PTSC) exploiting carbon nanotubes - Therminol VP-1 based nanofluid. The heat transfer 

performance increased about 234% when using the nanofluid and the thermal efficiency enhanced about 

4.4% as the volume fraction of the nanoparticle increased from 0 to 2.5%.  Gorji and Ranjbar [5] 

conducted a numerical and experimental study on a direct absorption solar collector (DASC) using 

graphite, magnetite and silver nanofluids as base fluid. The result revealed that the maximum 

enhancement of exergy efficiency was 20.3% with magnetite nanofluid compared to other base fluids. 

Their numerical study showed that the outlet temperature of DASC increases with increase in the 

nanofluid concentration at a constant flow rate and solar flux.  

Comparing to other types of solar collector, DASC utilizes fluid as the absorbing medium for incident 

sunlight as compared to a solid absorber, and it can provide an increase of efficiency compared to the 

indirect collector [6]. Various parameters can affect the efficiency of DASC. Tyagi et al. [7] evaluated 

the effect of geometrical parameters on the performance of DASC using an aluminum nanofluid. The 

results showed that the efficiency increased with the collector length first and then decreased. Sharaf et 

al. [8] investigated the collector optical behavior using a suspension of graphite nanoparticles in two 

different base fluids including water and Therminol VP-1. It was found that the extinction coefficient of 

the nanofluid using the base fluid of water was higher than that of Therminol VP-1 at high nanofluid 

concentrations. According to the experimental and numerical study conducted by Delfani et al. [9], the 

fluid absorption coefficient and the outlet temperature increased by increasing MWCNT (multi-walled 

carbon nanotubes) nanofluid volume fraction at constant flow rate. Furthermore, the efficiency 

enhancement of 9%, 13.1%, 21.6% and 27.4% was obtained for the volume fractions of 25 ppm, 50 ppm 

and 100 ppm compared with that of using the base fluid as a working fluid.  

In this research, we used CB based nanofluid as base fluid to investigate a rectangle collector with 

three baffles for the direct sunlight absorption, showing the fluid behaviour and deposition of 

nanoparticles. As a key factor of a DASC, the efficiency of the system was compared with the 

experimental results and some typical commercial model. To the authors’ knowledge, this study is the 
first that investigates a multiphase computational fluid dynamics (CFD) model in in DASCs. 



METHODOLOGY 

Geometry and boundary conditions 

The computational domain had a rectangular shape with three baffles, as shown in Figs. 1-2. The 

length of the domain was 0.39 m, the width was 0.23 m, and the depth was 0.02 m.  The length of the 

baffles was 0.1475 m, and their width was 0.02 m. The flowrate was 2.0 litre/min, and the initial 

temperature was 40℃. The fluid entered the domain via a small pipe located in the lower left corner in 

Fig. 1. The inlet boundary condition was set there. The pressure outlet boundary was located 

symmetrically in the right side. The system was subjected to irradiation (from the bottom) by the intensity 

of 2000 W/m2 with distance of 21 cm. We analyzed the intensity distribution and deduced the average 

intensity as 1103 W/m2 All the surfaces were set as adiabatic apart from the inlet, outlet and the bottom 

surface. The geometry corresponded to the DASC researched by Espedal [10]. 

 

  
Fig. 1 Geometry Fig. 2 Mesh 

Governing equations 

We consider an unsteady incompressible flow, described by the Navier-Stokes equations. The 

continuity equation reads [11]: 

 
𝐷(𝛼𝑖𝜌𝑖)

𝐷𝑡
= 0, (1) 

 

where 
𝐷

𝐷𝑡
 is the substantial derivative, 𝛼𝑖  is the volume fraction, and 𝜌𝑖  is the density. Subscript i 

denotes the difference phases where i = p for the nanoparticle and i = f for the base fluid. 

The momentum equation is given by [12]: 

 
𝐷(𝛼𝑖𝜌𝑖𝒗𝑖)

𝐷𝑡
= 𝛼𝑖𝛻𝑝 + 𝛻 ⋅ (𝛼𝑖𝜇𝑖𝛻𝒗𝑖) + 𝛼𝑖𝜌𝑖𝒈 + 𝑭𝐷,𝑖𝑗 , (2) 

 

where 𝒗𝑖 is the velocity vector, p is the pressure, μ is the dynamic viscosity, 𝒈 is the acceleration due 

to gravity and 𝑭𝐷,𝑖𝑗  is the drag force. 

The drag force was computed as follows [13]: 

 

𝑭𝐷,𝑖𝑗 =
𝜋𝑑2

8
𝑛𝑝𝜌𝑙𝐶𝐷|𝒗𝑖 − 𝒗𝑗|(𝒗𝑖 − 𝒗𝑗), (3) 

 

 

where np is the number density of the nanoparticles, d is the diameter of the carbon black, and CD is 

the drag coefficient computed using the standard expression by Schiller- Naumann [14].  

 

The energy equation is given by [15]: 

 
𝐷(𝛼𝑖𝜌𝑖𝑒𝑖)

𝐷𝑡
= 𝛻(𝛼𝑖𝜌𝑖𝛻𝑇𝑖) − 𝑞𝑖𝑗 + 𝛼𝑖𝑞𝑣 , (4) 

 



where ei = Cp,iTi is the phase-specific enthalpy, and qij is the inter-phase heat transfer term. With the 

assumption that the convective heat transfer is established between the phases, the inter-phase heat 

transfer term is computed according to Ranz-Marshall. Furthermore, qv is the volumetric heat generation 

due to absorption. We also assume that the heat loss only occurred at the bottom surface by convection 

and radiation.  

We simplified the thermal re-radiation behavior by assuming that it only occurred at the bottom 

surface of the DASC. Also, we neglected emission and scattering terms for the light in the fluid. Thus, 

the volumetric heat transfer can be deduced from the Beer-Lambert equation:  

 

𝑞𝑣，𝑖 = 𝐼𝑅𝑘𝑖exp⁡(−𝑘𝑛𝑓𝑙) (5) 

 

where l is the length of the light path, 𝐼𝑅 is the heat flux of the incident light acting of the top surface, ki 

is the extinction coefficient of carbon black or water, knf is the extinction coefficient of nanofluid 

according to our separate experimental tests. We measured the absorptance for different concentration 

of nanofluids with different depth, and fit the average extinction coefficient by Beer-Lambert law.  

 

Efficiency 

The efficiency of a solar thermal collector is the ratio of collected thermal energy to the total incident 

energy: 

𝜂 =
𝐶𝑚̇(𝑇𝑜𝑢𝑡 − 𝑇𝑖𝑛)

𝑞𝐴
 (8) 

 

where 𝜂 is the efficiency, C is the specific heat of nanofluids, 𝑚̇ is the mass flow rate of the fluid in the 

collector, Tout and Tin are the temperatures of the nanofluid at the outlet and inlet, respectively, q is the 

solar irradiance and A is the solar collector surface area. 

We study the effects on the collector efficiency of the two parameters: the solar intensity and CB 

concentration. 

Equations (1) – (5) were solved using the commercial CFD program STAR-CCM+ 15.02.007. The 

numerical solution was obtained using an implicit SIMPLE (Semi-Implicit Method for Pressure Linked 

Equations) method, and the following relaxation coefficients were applied: 0.3 for pressure, 0.7 for 

velocity, 0.5 for phase volume fraction, 0.9 for the enthalpy, and 0.8 for the turbulence model. The 

governing equations were discretized temporally with the second order Euler technique marching by 1.0 

ms. The upwind scheme was applied for spatial discretization [11]. 

 

Model validation 

Espedal [10] investigated experimentally the photothermal performance of a rectangle DASC that 

consisted of three main elements: a glass surface, an inner plate structure with baffles, and an external 

aluminum box with hose connectors. In the present research, simulations based on the proposed model 

with the base fluid and CB nanofluid were conducted. The results were compared with the experimental 

results. When the flow rate was 2.0 L/min, and CB concentration was 0.05 wt.%, the efficiency was 

0.7356 according to our simulations. The error was 1.35 % if compared with the experimental result 

equal to 0.7455 [10]. This indicates that the proposed model can be used to analyze the photothermal 

performance of the DASC. 

RESULTS AND DISCUSSION 

Fluid temperature and velocity distribution  

Figs. 3-4 show distributions of nanofluid temperature and velocity on the bottom surface, respectively. 

At the inlet, the temperature was low and different coherent structures in the flow occurred because of 

the sudden change of the cross-section radius and flow direction. When the fluid passed the first baffle, 

the temperature increased, and the velocity direction became clearly defined. The maximum temperature 

occurred near the second baffle, and the flow showed a clear path to the outlet. By comparing Fig. 3 and 

Fig. 4, we see that the area with the higher velocity tended to have a lower temperature. This can be 

explained by the heat transfer by convection in this area: the higher the flow velocity, the more the heat 



was transferred. The presence of the baffles increased the residence time of the nanofluid inside the 

DASC and, thus, made it possible to extend the duration of absorption. As one can notice, because of the 

inertia force, the maximum velocity did not show in the center of pipeline instead of on the right side of 

the centre. Therefore, the areas on the opposite side of the baffles had higher temperature. It is worth to 

emphasize that there was a displacement in these high temperature areas of the fluid towards the top 

surface (perpendicular to the figures) [8]. This phenomenon can be confirmed by Fig. 5 and Fig. 6 that 

show the volume fraction distribution at the bottom and top surface. At the bottom surface, the volume 

fraction distribution resembles the velocity field. However, no deposit of particles occurred in the low 

velocity regions (compare Fig. 3 with Fig. 5). This is caused by the heat flow towards the interior of the 

fluid volume. The temperature of the bottom surface was namely higher than inside the system. Fig. 6 

shows the particle distribution on the top surface. This surface was set as an adiabatic wall. Thus, a higher 

particle volume fraction was observed close to the baffles. 

 

  
Fig. 3 Temperature distribution Fig. 4 Velocity distribution 

  
Fig. 5 CB volume fraction distribution (bottom) Fig. 6 CB volume fraction distribution (top) 

 

These facts could potentially assist in increasing of the efficiency of the DASC for a commercial use. 

The higher temperature means the DASCs are more effective, but they are also accompanied by higher 

heat losses.  Therefore, this should be considered when designing DASCs, by e.g., considering thermal 

insulation if possible. 

Mesh independence study 

Fig. 7 shows the thermal efficiencies of the system calculated for different cell mesh sizes. There is 

a slight decreasing tendency in the efficiency due to the increase of the cell mesh size. For larger 

computational cells, the results are less correct especially close to the system boundaries where steep 

temperature gradients occur.  As a result, the temperature in the cells at the very boundary is too high. 

This results in a higher heat loss, i.e., a lower thermal efficiency. 

Effect of CB concentration 

Fig. 8 shows the thermal efficiency and outlet temperature for different CB concentrations for the 

cell mesh size of 1 mm. It can be seen from the figure that the efficiency and the outlet temperature 

increase with the CB concentration, and reach the maximum of 0.7656 and 313.669 K, respectively. This 

maximum occurs at CB concentration of 0.05 wt.%. The nanoparticles enhance the absorption of solar 



radiation of the base flow. However, as the CB concentration increases further, the efficiency and the 

temperature decrease. When the number of nanoparticles in the base flow is low, the solar light can 

penetrate the nanofluid and reach the upper surface of the DASC easily. Hence, the fluid layer near the 

upper surface can also absorb the heat. This results in a more uniform temperature distribution and a low 

temperature gradient between the fluid layers. However, when the concentration is too high, there is a 

large number of nanoparticles that can form a “shield” at the bottom surface that block the solar light. 

As a result, only a thin layer of the nanoparticles can absorb the solar radiation directly, and the heat 

transfer is lower at these concentrations compared to low concentrations within the nanofluid. In this 

situation, there will also be a larger temperature gradient in these concentrations. Besides, as it can be 

anticipated, there will be higher temperature at the bottom surface and a lower temperature inside the 

system, compared to low concentrations, because the large number of nanoparticles can absorb more 

radiation. In our simulation model, all the surfaces were set as adiabatic except the bottom surface, so 

the heat loss only occurs at the outer layer of this surface. Therefore, the high temperature leads to more 

heat loss, and less heat transfer towards the fluid interior, so that there will be more heat loss to the 

surrounding.  This results in a decrease of the outlet temperature and efficiency. It should be noted that 

the bottom surface was sealed by glass in the experiments [7]. There must have been an optical loss due 

to light reflection and absorption of glass. Therefore, the actual efficiency and temperature are lower than 

from the simulation results. 

Similar results were obtained by some researchers. Otanicar et al. [17] studied the performance of a 

micro-DASC using an experimental setup and the aqueous suspensions containing silver and graphite 

nanoparticles and carbon nanotubes as the working fluids. The results show that the collector efficiency 

enhances by increase of nanofluid volume fraction, because the solar absorption of nanofluid increases. 

However, this increase continues to a certain amount of volume fraction, and then the reflection of solar 

radiation from the nanofluid increases, which results in the efficiency reduction. 

 

  
Fig. 7 Results of the mesh independence study Fig.8 Efficiency for different CB concentrations 

 

CONCLUSIONS AND FUTURE WORK 

A CFD model of rectangular DASC was used to analyze the optical properties of CB nanoparticles 

and parameters of the DASC. According to the results, CB nanoparticles can increase the absorption of 

solar radiation of the base flow and the efficiency of the DASC. With the CB concentration increases, 

the outlet temperature and efficiency show the tendency of increasing first and then decreasing. Both the 

outlet temperature and the efficiency become optimal for the CB concentration of 0.05 wt. %.  Moreover, 

the efficiency decreases with the mesh size because the lager mesh size induced the higher temperature 

difference between adjacent cells. According to the temperature and velocity distributions, there will be 

low flow velocity but high temperature zone in the rectangular DASC that can lead to a heat loss. Besides, 

CB nanoparticles will deposit at this zone. These reveal the potential improvement for the DASC to avoid 

the thermal loss.  

Optimizing the numerical model is the first goal of the future work. As follows from our experience, 

the geometry and tile angle of DASC have significant effects on the performance of the DASC. 

Therefore, in the future, the efficiencies for different nanofluids and different geometries of DASCs 

should be considered. 
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