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Two Different Viewpoints about using Aerosol -
Carbon Nanofluid in Corrugated Solar 

Collectors: Thermal-Hydraulic Performance  and 
Heating Performance 

Soroush Sadripour α, Mohammad Adibi σ & Ghanbar Ali Sheikhzadeh ρ 

Abstract- In this study the effects of corrugated absorber plate 
and using aerosol-carbon black nanofluid on heat transfer and 
turbulent flow in solar collectors with double application and 
air heating collectors, were numerically investigated. The two-
dimensional continuity, momentum and energy equation were 
solved by finite volume and SIMPLE algorithm. In the present 
investigation all the simulations were done for two different 
angles of tilt of collector according to horizon, that these 
angles were the optimum ones for the period of six months 
setting. As a result the corrugated absorber plate was 
inspected in the case of triangle, rectangle and sinuous with 
the wave length of 1mm and wave amplitude of 3 mm in 
turbulent flow regime and Reynolds number between 2500 to 
4000. Choosing the proper geometry was carried out based 
on the best performance evaluation criteria (PEC), for 
collectors with dual usage and increasing the air temperature 
from collector inlet to outlet for air heating collector. The results 
revealed that using corrugated absorber plate has a 
considerable influence on flow field and heat transfer. For all 
times of the year the highest PEC was obtained for corrugated 
Sinusoidal model, however the highest temperature increase 
from inlet to outlet was obtained for rectangular corrugated 
model. Also it was understood that in the case of using air as a 
base fluid, whether for the case of temperature increment from 
inlet to outlet or the highest PEC,the optimum Reynolds is 
2500. For each of the corrugated absorber plate with 
sinusoidal and rectangular models, the carbon black 
nanoparticles were added to air base fluid in volume fractions 
of 0.1% to1%. The results indicated that in sinusoidal model 
the nanoparticles volume fractions increase leads to heat 
performance coefficient increase and the best heat 
performance conditions were attained in volume fraction of 1% 
and Reynolds number of 4000 for both six months period. In 
rectangular corrugated model using nanofluid and Reynolds 
number increase do not worth and lead to outlet temperature 
decrease. Therefore for this model using air and Reynolds 
number of 2500 is recommended. 
Keywords: solar collector, corrugated absorber plate, 
turbulent flow, performance evaluation criteria, heat 
performance coefficient, nanofluid. 
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I. Introduction 

he analyses of the international energy 
organization show that the world energy demand 
between 2008 and 2035 increases by 35%. 

According to the limited fossil energy fuels and the side 
effects of using them on environmental cycle the probe 
for finding renewable energy in order to deal with this 
increasing energy demand is necessary. According to 
international energy agency predictions, more than 13% 
of this increasing energy demand will be provided by 
renewable energy [1]. The solar energy is considered as 
the cleanest, the cheapest and the most accessible 
energy in the world. The flat plate solar collector 
comparing with other collector types, has simple design 
and low costs of construction and in addition to direct 
solar radiation absorption they can also absorb the 
emissive radiation [2]. The hot water and air have a wide 
range of application in industry, agriculture, animal 
husbandry, and household chores. Therefore it is 
possible to use a collector that can heat water and air at 
the same time. The present study concentrates on solar 
collectors with dual usage and solar hot air collectors. 
Sofar lots of numerical and empirical studies related to 
solar collectors have been conducted. The results of 
these studies demonstrate that the overall performance 
of collector is related to many factors including the 
distance between absorber plate and glass coverand 
pipe diameter [3,4], windvelocity [5], solar radiation [6], 
collector  material  [7],  flow  rate  [8],  and  channel  
 depth [9]. 

There are numerous ways to enhance the solar 
collector efficiency. One way is to use the methods for 
absorbing more solar radiation. This method is done by 
setting the collector angle of tilt and put the collector in 
the optimized angle of tilt. Khorasanizadeh and 
Meschi[2] specified the optimized angle of tilt in the 
case of monthly, seasonally, six months and annual for 
solar collector in kashan. They suggested of 9° and 
51°angle of tilt for setting in the first six months and the 
second six months, respectively. 
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 Greek symbols  Nomenclature 

thermal diffusivity, (m2/s) α thermal conductivity ratio 𝐶𝐶𝑘𝑘 

wavy amplitude, (mm) 𝛼 turbulence model constant 𝐶𝐶𝜇𝜇 

collector slope 𝛽 specific heat capacity, (J/kg.K) 𝐶𝐶𝑃𝑃 

molecular thermal diffusivity 𝛤 hydraulic diameter, (m) 𝐷𝐷ℎ 

turbulent thermal diffusivity 𝛤𝑡𝑡 friction factor 𝑓𝑓 

Turbulent dissipation rate, (m2/s3) 𝜀 generation rate of TKE 𝐺𝐺𝑘𝑘 

heat performance coefficient 𝜂 heat transfer coefficient, (W/m2.K) ℎ 

kinematic viscosity, (m2/s) 𝜗 height of the collector channel, (mm) 𝐻𝐻 

wavelength, (cm) 𝜆 average of heat flux in 6 months 𝐻𝐻� 

dynamic viscosity, (Ns/m2) 𝜇 thermal conductivity, (W/m.K) 𝑘𝑘 

density, (kg/m3) 𝜌 turbulent kinetic energy, (J/kg) 𝑘𝑘 

nanoparticles volume fraction 𝜙 collector length, (m) 𝐿𝐿 

  Nusselt number 𝑁𝑁𝑁𝑁 

 Subscript pressure, (Pa) 𝑃𝑃 

Average 𝑎𝑎𝑎𝑎 Prandtl number Pr 

base fluid 𝑏𝑏𝑏𝑏 pressure drop, (Pa) ∆𝑃𝑃 

Local 𝑐𝑐 performance evaluation criteria PEC 

components 𝑖𝑖, 𝑗𝑗 heat flux 𝑄𝑄 

Inlet 𝑖𝑖𝑖𝑖 sinusoidal geometry function 𝑟𝑟 

Nanofluid 𝑛𝑛𝑛𝑛 Reynolds number Re 

nanoparticle 𝑛𝑛𝑛𝑛 average of sunny hours in day 𝑡𝑡 

Turbulent 𝑡𝑡 temperature , (K) 𝑇𝑇 

Wall 𝑤𝑤 flow velocity component, (m/s) 𝑢𝑢 

smooth surface 0 fluctuated velocity, (m/s) 𝑢𝑢′  

 
The second way is to apply some changes in 

solar collector geometry in order to reach the highest 
thermal performance. Getting the heat exchanger 
jagged and grooved on the interior side is one of the 
methods for breaking the laminar sub layer and creating 
the local wall turbulence(due to repetitive flow 
separation and adhesion between successive grooves). 
This method decreases the thermal resistance and 
increases the heat transfer considerably. 

Some numerical and experimental researches 
on the flow fluid and heat transfer inside the corrugated 

channels have been carried out by some researchers. 
Comini et al. [10] studied numerically the flow and heat 
transfer characteristics in three-dimensional wavy 
channels. They found that the Nusselt number as well as 
friction factor increases with decreasing aspect ratios.

 
Grant Mills et al [11] conducted a numerical 

study on heat transfer enhancement and thermal–
hydraulic performance in laminar flows through 
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asymmetric wavy wall channels. The results are crucial 
for designing compact heat exchangers that are 
capable of having high performance in the laminar 



 regime. Mohamed et al. [12] presented laminar forced 
convection in the entrance region of a wavy channel. 
They solved numerically the governing equations using 
the finite volume method. The effects of Reynolds 
number, Prandtl number and the amplitude of the 
corrugation on the flow and thermal fields were 
introduced by them. It was realized that the shear 
stresses and Nusselt numbers increase as the Reynolds 
number increases.

 

Rostami et al [13]investigate

 

doptimization of conjugated heat transfer in wavy walls 
in micro channels.

 

Numerical results reveal that the 
Nusselt number in wavy microchannels is more than that 
for flat walls micro channels. Also unlike flat walls 
microchannels there is an optimum geometry for wavy 
walls micro channels, which has the maximum Nusselt 
number.

 

Duan and Muzychka [14]

 

inspected the 
influences of axial corrugated surface roughness on fully 
developed laminar flow in micro-tubes analytically. The 
Stokes equation was solved to predict friction factor and 
pressure drop in corrugated rough micro-tubes for 
continuum flow and slip flow. It was observed that there 
was a significant increase in pressure drop due to 
roughness.

 

The third method is to increase the heat transfer 
between fluid and solar absorbing plate. One common 
and suggested way is to add the nanoparticles to the 
base fluid used in collector.

 

Khoshvaght-Aliabadi [15] analyzed heat transfer 
and flow characteristics of the sinusoidal-corrugated 
channels with Al2O3-water nanofluid. The effects of 
different geometrical parameters were calculated at the 
nanoparticle volume fraction below 4%. The channel 
height and amplitude indicate the highest influences on 
Nusselt number and friction factor values.

 

Mohammad 
et al [16] numerically analyzed the heat transfer and 
water flow characteristics in a wavy micro channel heat 
sink

 

(MCHS) and also with different wave amplitude by 
using the finite volume method. They found out that the 
heat transfer coefficient,

 

wall shear stress,

 

pressure 
drop,

 

and friction factor increase by increasing the wave 
amplitude through the channel.

 

Heidary and

 

Kermani 
[17] numerically studied the effect of forced convective 
heat transfer of Cu-water nanofluid on heat transfer field

 

and flow field in channels with sinusoidal walls. They

 

noticed that by using the nanofluid and horizontalwavy 
walls at the same time,

 

the heat transfer increases by 
50%. Jena and Mahapatra [18] in their numerical 
modeling investigated the radiative and natural 
convective heat transfer of aerosol-carbon black 
nanofluid,

 

in the presence of magnetic field for a two-
dimensional chamber. Their results demonstrated that 
by increasing the volume fraction of carbon black 
nanoparticles in the base fluid of air, the overall heat 
transfer inside the chamber will enhance.

 

Different nanoparticles with various base fluids, 
higher volume fractions and smaller nanoparticles are 

found to increase heat transfer [19]. Although in this 
study the new nanoparticle called carbon black has 
been used with volume fraction between 0 to 1%. It is 
inferred from the previous investigations that no 
numerical studies has

 

been carried out on aerosol-
carbon black nanofluid with turbulent flow inside the 
solar collector with corrugated walls.

 
In lots of aforementioned numerical 

investigations the effects of corrugated plates on 
enhancing heat transfer in channels have been done 
and the comparison between smooth and

 

sinusoidal 
corrugated channels has been made. However for solar 
collectors, the accurate comparison between linear 
corrugated models(rectangular and triangular) and 
nonlinear models (sinusoidal) has not been made in

 

the 
case of Nusselt number,

 

pressure drop, friction factor,

 
PEC,

 

and the difference between inlet and outlet 
temperature, and mainly the considered collectors were 
solar flat plate collectors.

 
In current investigation the precise comparison 

for scrutinizing the thermal-hydraulic characteristics of 
the turbulent air flow and aerosol-carbon black nanofluid 
inside collectors with rectangular, triangular,and 
sinusoidal corrugated absorbing plate has been made 
by numerical procedure. Among absorbing plates with 
different corrugations, the optimized configurations have 
been chosen based on the higher PEC and difference 
between inlet and outlet temperature. Then the effects of 
aerosol-carbon black nanofluid on the thermal-hydraulic 
characteristics and temperature increase from inlet to 
outlet are analyzed for these optimized configurations.

 
 
 
 
 

II.

 

Numerical Modeling 

a)

 

Physical model

 

The schematic diagram of the two-dimensional 
collector with entrance height of 2H=20mm

 

is shown in 
Fig. 1.The problem geometry includes two-dimensional 
corrugated walls with 18 waves along the length of the 
test-section. The heat transfer and flow field are studied 
for sinusoidal, triangular and rectangular corrugations. 
The wave length of the walls in all three models is 
𝜆 = 1 cm

 

and the wave amplitude is 𝛼 = 3 mm. The 
collector length equals to 𝐿𝐿 = 2 m. For the left section of 
the channel the velocity inlet boundary condition in 
Reynolds number between 2500 and 4000 is considered 
and for the outlet section of the channel pressure outlet 
boundary condition is assumed. The absorber plate is in 
the constant and uniform temperature. This temperature 
has been obtained by the empirical measurements

 

for 
the installed collectors in Kashan with 51°

 

longitude and 
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30 minutes in east direction and 34° latitude and 5 
minute in north direction located in Iran for the first and 
second period of the year. The glass cover has the 
constant heat flux boundary condition that the inlet heat 



 flux value for the first and second period of the year is 
obtained from[2]. The flow inside the channel is 
considered steady and turbulent. The ambient 

temperature for the both periods of the year is different 
too and these data are collected from Iran’s weather 
forecast organization for Kashan [20].
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Figure 1: (a) The schematic diagram of the two dimensional collectorwith double application  
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(a)

(b)

(c)

(d)



Two dimensional solar collector models with:(b) 
sinusoidalcorrugation,(c) triangular corrugation, and(d) 
rectangular corrugation. (The actual geometry consists 
of 18 corrugations but for clear presentation only 4 
waves have been shown.) 

 

 

b) Governing equations 
In this section the governing equations related 

to heat transfer and flow field are presented [21]. The 
considerations are as follows: 
1. Steady state and two-dimensional. 

2.

 

Incompressible flow.

 

3.

 

The flow properties are independent of the 
temperature. 

Continuity equation:

                                        𝜕𝜕
𝜕𝜕𝑥𝑥𝑖𝑖

(𝜌𝜌𝑢𝑢𝑖𝑖) = 0                         

 

(1)

is the density and 𝑢𝑢𝑖𝑖

 

is the axial velocity.

 
Momentum equation:

 
𝜕𝜕
𝜕𝜕𝑥𝑥𝑗𝑗

�𝜌𝜌𝑢𝑢𝑖𝑖𝑢𝑢𝑗𝑗 � = −
𝜕𝜕𝜕𝜕
𝜕𝜕𝑥𝑥𝑖𝑖

+
𝜕𝜕
𝜕𝜕𝑥𝑥𝑗𝑗

�𝜇𝜇 �
𝜕𝜕𝑢𝑢𝑖𝑖
𝜕𝜕𝑥𝑥𝑗𝑗

+
𝜕𝜕𝑢𝑢𝑗𝑗
𝜕𝜕𝑥𝑥𝑖𝑖

�� +
𝜕𝜕
𝜕𝜕𝑥𝑥𝑗𝑗

�−𝜌𝜌𝑢𝑢𝑖𝑖′𝑢𝑢𝑗𝑗′�������

 
 

In the above equation μand𝑢𝑢′arefluid viscosity 
andfluctuated velocity, respectively. The term 
of𝜌𝑢𝑢𝑖𝑖 ′𝑢𝑢𝑗𝑗 ′ indicates the Reynolds stress.

 Energy equation:

 
                             𝜕𝜕

𝜕𝜕𝑥𝑥𝑖𝑖
(𝜌𝜌𝑢𝑢𝑖𝑖𝑇𝑇) =

𝜕𝜕
𝜕𝜕𝑥𝑥𝑗𝑗

��𝛤 + 𝛤𝑡𝑡�
𝜕𝜕𝜕𝜕
𝜕𝜕𝑥𝑥𝑗𝑗

�
 

(3)
 

whereΓ and Γt 
are the molecular thermal diffusivity and 

turbulent thermal diffusivity, respectively and are defined 
as follow:

 

                             𝑅𝑅 =
𝜇𝜇
𝑃𝑃𝑃𝑃

  𝑎𝑎𝑎𝑎𝑎𝑎  𝛤𝑡𝑡 =
𝜇𝜇𝑡𝑡
𝑃𝑃𝑃𝑃𝑡𝑡  (4) 

In order to model the turbulence it is necessary 
to model the Reynolds stress in Eq. (3). The standard 
k-ε model has been used for turbulence modeling. One 

common way to connect the Reynolds stress to average 
velocity gradients is Bossinisque assumption.

                     
�−𝜌𝑢𝑢𝑖𝑖′𝑢𝑢𝑗𝑗′������� = 𝜇𝜇𝑡𝑡 �

𝜕𝜕𝑢𝑢𝑖𝑖
𝜕𝜕𝑥𝑥𝑗𝑗

+
𝜕𝜕𝑢𝑢𝑗𝑗
𝜕𝜕𝑥𝑥𝑖𝑖

�
 

(5)
 

 
The turbulent viscosity is derived from Eq. (6):

 

                                           
𝜇𝜇𝑡𝑡 = 𝜌𝜌𝐶𝐶𝜇𝜇

𝑘𝑘2

𝜀𝜀
 

(6) 

 

             𝜕𝜕
𝜕𝜕𝑥𝑥𝑖𝑖

[𝜌𝜌𝑘𝑘𝑘𝑘𝑖𝑖] =
𝜕𝜕
𝜕𝜕𝑥𝑥𝑗𝑗

��𝜇𝜇 +
𝜇𝜇𝑡𝑡
𝜎𝜎𝑘𝑘
�
𝜕𝜕𝜕𝜕
𝜕𝜕𝑥𝑥𝑗𝑗

� + 𝐺𝐺𝑘𝑘 − 𝜌𝜌𝜌𝜌 (7)
 

                     
𝜕𝜕
𝜕𝜕𝑥𝑥𝑖𝑖

[𝜌𝜌𝜀𝜀𝜀𝜀𝑖𝑖] =
𝜕𝜕
𝜕𝜕𝑥𝑥𝑗𝑗

��𝜇𝜇 +
𝜇𝜇𝑡𝑡
𝜎𝜎𝜀𝜀
�
𝜕𝜕𝜕𝜕
𝜕𝜕𝑥𝑥𝑗𝑗

� + 𝐶𝐶1𝜀𝜀
𝜀𝜀
𝑘𝑘 𝐺𝐺𝑘𝑘 + 𝐶𝐶2𝜀𝜀𝜌𝜌

𝜀𝜀2

𝑘𝑘 
                          
 

  
 

                                 𝐺𝐺𝑘𝑘 = −𝜌𝜌𝑢𝑢𝑖𝑖′𝑢𝑢𝑗𝑗′������ 𝜕𝜕𝑢𝑢𝑗𝑗
𝜕𝜕𝑥𝑥𝑖𝑖

 (9)
 

The boundary values for turbulence adjacent to 
the wall are specified by enhanced wall treatment. 
Thecoefficients𝐶𝐶𝜇𝜇 = 0.09, 𝐶𝐶1𝜀𝜀 = 1.44, 𝐶𝐶2𝜀𝜀 = 1.92, 
𝜎𝜎𝑘𝑘 = 1.0, 𝜎𝜎𝜀𝜀 = 1.3 and 𝑃𝑃𝑃𝑃𝑡𝑡 = 0.85are chosen as 
empirical coefficients in turbulence transport equation 
[22]. The Nusselt number, Reynolds number, friction 
factor,performance evaluation criteria and heat 
performance coefficientare non-dimensional parameters 
that are calculated from the below equations [17, 23]: 

                                   𝑁𝑁𝑁𝑁𝑎𝑎𝑎𝑎 =
ℎ𝑓𝑓𝐷𝐷ℎ
𝑘𝑘𝑓𝑓

 
(10)

 

In the above equation h and k are conducting 
heat transfer coefficient and convective heat transfer 

coefficient respectively. In the present work the Nusselt 
number is measured on the absorber plate. 

                                  𝑅𝑅𝑅𝑅 =
𝜌𝜌𝑓𝑓𝑢𝑢𝑖𝑖𝑖𝑖𝐷𝐷ℎ
𝜇𝜇𝑓𝑓

 (11) 

In this equation 𝑢𝑢𝑖𝑖𝑖𝑖  is the average velocity of the 
fluid in the collector inlet. The hydraulic diameter is also 
defined as follows: 

                                         𝐷𝐷ℎ = 2𝐻𝐻 + 𝛼𝛼 (12) 

                                  𝑓𝑓 =
2

� 𝐿𝐿𝐷𝐷ℎ
�

∆𝑃𝑃
𝜌𝜌𝑛𝑛𝑛𝑛𝑢𝑢𝑖𝑖𝑖𝑖 2 (13) 

 

                         ∆𝑃𝑃 = 𝑃𝑃𝑎𝑎𝑎𝑎 ,𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 − 𝑃𝑃𝑎𝑎𝑎𝑎 ,𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜  (14) 

Where𝑃𝑃𝑎𝑎𝑎𝑎 ,𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖  and 𝑃𝑃𝑎𝑎𝑎𝑎 ,𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 are average 
pressure in inlet and outlet, respectively. 
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where Gk is the turbulent kinetic energy generation rate 
and𝜌𝜀is the loss rate and is defined by:

where ∆𝑃𝑃is the pressure difference between collector 
inlet and outlet.

The kinetic energy conservation equation and 
the loss rate are measured from Eq. (7) and (8):

(8)

(2)

where 𝜌



In order to compare the effect of Nusselt 
number change to pressure drop with corrugated 
absorber plate usage toward smooth absorber plate 
theperformance evaluation criteria(PEC) is calculated by 
the below equation [24]: 

                             𝑃𝑃𝑃𝑃𝑃𝑃 = �
𝑁𝑁𝑁𝑁
𝑁𝑁𝑁𝑁0

� ∙ �
𝑓𝑓
𝑓𝑓0
�
−1 3⁄

 (15)
 

In the above equation𝑁𝑁𝑁𝑁 and 𝑁𝑁𝑁𝑁0  are average 
Nusselt number in corrugated collector and average 
Nusselt number in collector with smooth absorber plate, 
respectively. On the other hand 𝑓𝑓 and 𝑓𝑓0

 are friction 
factor inside the corrugated collector and collector with 
smooth absorber plate respectively. 

Eq. 16 is used to compare the effect of using 
the nanofluid on average Nusselt number and pressure 
drop toward base fluid usage [25]: 

                           𝜂𝜂 = �
𝑁𝑁𝑁𝑁𝑛𝑛𝑛𝑛
𝑁𝑁𝑁𝑁𝑓𝑓

� ∙ �
𝑓𝑓𝑛𝑛𝑛𝑛
𝑓𝑓𝑓𝑓
�
−1 3⁄  

(16)

 

  

 
  

 

 

                          ∆𝑇𝑇 = 𝑇𝑇𝑎𝑎𝑎𝑎 ,𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 − 𝑇𝑇𝑎𝑎𝑎𝑎 ,𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖

 

(17)

 

 
 

Thermal diffusion coefficient, kinematic viscosity 
and prantdl number for fluid and nanofluid are 
calculated from the below equations:

 

                                           𝛼𝛼 =
𝑘𝑘
𝜌𝜌

 

𝐶𝐶𝑝𝑝

 

(18)

 

                                              𝜗𝜗 =
𝜇𝜇
𝜌𝜌

 

(19)

 

                                              𝑃𝑃𝑃𝑃 =
𝜗𝜗
𝛼𝛼

 

(20)

 

The local Nusselt number in the isothermal wall 
is measured by [18]:

 

                                      
𝑁𝑁𝑁𝑁𝑐𝑐 = −�

𝑘𝑘𝑛𝑛𝑛𝑛
𝑘𝑘𝑓𝑓
�
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

 

(21)

 

 

In the above equation ∂T
∂y

 

is the temperature 

gradient in thermal boundary layer.

 

c)

 

Model validation

 

i.

 

Grid independence test

 

The grid independence test was done for 
collector with air fluid. According to Fig. 2, four different 
grids with 143476, 145327, 149771 and 151825 nodes 
are considered for the smooth absorber plate model. By 
comparing the four cases the grid with 149771 nodes is 
chosen as an acceptable grid.

 
 
 

 

Figure 2:

 

Average Nusselt number variation diagram 
according to Reynolds number for different grid sizes in 

smooth absorber plate

 

ii.

 

Validation

 

The computer software validation was done 
based on the geometry and boundary condition of [24]. 
In this

 

study the heat transfer performance and water 
flow forced convective heat transfer in a heated channel 
with corrugated wall is investigated. The average 
Nusselt number and friction factor are compared in Fig. 
3. It is clear that there is a good conformity

 

between the 
results.
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A where Tav ,outlet and Tav ,inlet are average temperature in 
inlet and outlet.

where 𝑁𝑁𝑁𝑁𝑖𝑖𝑓𝑓 and 𝑓𝑓𝑖𝑖𝑓𝑓 are average Nusselt numberand 
friction factor in collector with nanofluid, respectively and 
Nuf and ff are average Nusselt number and friction 
factor in collector with fluid, respectively.The temperature difference from inlet to outlet is 
computed by:



  
(a) (b) 

Figure 3: Current research validation for (a) average Nusselt number,(b)friction coefficient,  in comparison with [28] 
in a sinusoidal corrugated channel with phase shift of180° and amplitude of1 mm 

d) Thermophysical properties of nanofluid 
The nanofluid density and specific heat transfer 

in a reference temperature 𝑇𝑇𝑖𝑖𝑖𝑖  is shown with 𝜌𝜌𝑛𝑛𝑛𝑛  and 
�𝐶𝐶𝑝𝑝�𝑛𝑛𝑛𝑛  respectively [19]: 

 
                          𝜌𝑛𝑛𝑛𝑛 = (1 − 𝜙𝜙)𝜌𝑏𝑏𝑏𝑏 + 𝜙𝜙𝜌𝑛𝑛𝑛𝑛

 
(22)

 

             (𝜌𝜌𝐶𝐶𝑝𝑝)𝑛𝑛𝑛𝑛 = (1 − 𝜙𝜙)�𝜌𝜌𝐶𝐶𝑝𝑝�𝑓𝑓 + 𝜙𝜙(𝜌𝜌𝐶𝐶𝑝𝑝)𝑠𝑠
 

(23)
 

The carbon black nanoparticles in nanofluid 
mixture are considered spherical and the thermal 
conductivity is computed by [18]:

 

                         

 

𝑘𝑘𝑛𝑛𝑛𝑛
𝑘𝑘𝑓𝑓

=
𝑘𝑘𝑠𝑠 + 2𝑘𝑘𝑓𝑓 − 2𝜙𝜙(𝑘𝑘𝑓𝑓 − 𝑘𝑘𝑠𝑠)
𝑘𝑘𝑠𝑠 + 2𝑘𝑘𝑓𝑓 + 𝜙𝜙(𝑘𝑘𝑓𝑓 − 𝑘𝑘𝑠𝑠)

 

(24)

 

The nanofluid viscosity is calculated by [26]:

 

                                 𝜇𝜇𝑛𝑛𝑛𝑛 =
𝜇𝜇𝑓𝑓

(1 − 𝜙𝜙)2.5

 

(25)

 

The thermo physical properties of carbon black 
nanoparticles and air are listed in Table 1.

 

Table 1:

 

The thermophysical properties of carbon black 
nanoparticles and air

 

at T=300 K [18]

 

Thermophysical 
properties

 

Air

 

Carbon black

 

𝜌(𝐾𝐾𝐾𝐾 𝑚𝑚3⁄ )

 

1.225

 

2000

 

𝐶𝐶𝑝𝑝(𝐽𝐽 𝐾𝐾𝐾𝐾 ∙ 𝐾𝐾⁄ )

 

1006.43

 

710

 

𝑘𝑘

 

(𝑊𝑊 𝑚𝑚 ∙ 𝐾𝐾⁄ )

 

0.0242

 

2000

 

𝜇(𝑁𝑁𝑁𝑁 𝑚𝑚2⁄ )

 

0.000017894

 

-

 

e)

 

Numerical procedure

 

A steady numerical simulation from the flow 
field was considered through the two-dimensional 

corrugated channel tosolv and investigates

 

the flow and 
heat transfer model. The control volume method and 
SIMPLE algorithmwere applied to solve the equations. 
The turbulent standard k-εmodel was used with 
enhanced wall treatment. The numerical calculation was 
carried out by solving the governing equations with 
boundary conditions and with finite volume method. The 
diffusion term in momentum and energy equations and 
for convective term werediscretisized by the second 
order backward difference. The error value was10−5

 

in 
order all parameters converge.

 

f)

 

Boundary conditions and environmental properties

 

The average daily temperature of Kashan for the 
first and second period of the year is 297 K and 282 K, 
respectively. These data are collected from the average 
temperature for the first and second period of the year 
based on the Iran’s weather forecast organization [24]. 
The ambient pressure for Kashan is 88588 Pa [24] and 
the gravity acceleration is 9.806. The heat flux on the 
glass cover is computed by:

 

                                         𝑄𝑄 =
𝐻𝐻�

3600

 

𝑡𝑡

 

(26)

 

In this equation𝐻𝐻�is the six months average for 
daily flux on horizontal surface and t is the average 
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sunny hours during the day. The glass transmission 
coefficient is 0.88 and absorption coefficient for 
aluminum with dark cover is 0.95 [27]. Because this 
work is based on the six months setting of the flat plate 
collector, the average sunny hours, average daily 
temperature, and monthly average of daily flux from sun 
on the horizontal surface must be calculated in Kashan 
for the first and second six months period. Therefore 
with using equation (26) the received flux amount by 



months period. In addition the empirical calculation of 
absorber plate temperature during the year for Kashan 
shows that the average temperature of absorber plate 

for this city is approximately constant for a specified 
period of time. The results of these measurements are 
presented in Table 2.

 

Table 2: The average sunny hours, average daily temperature, monthly average daily flux

 

received from sun on the 
horizontal surface for Kashan, the received flux by glass cover and absorber plate temperature during the first and 

second six months of the year

 

 

Period

 

of time

 

Average 
sunny 
hours 
during 

the day

 

Average
 

daily
 

temperature

 

Monthly 
average 

daily heat 
flux on 
horizon 

surfaceH�

 

Received
 

heat flux 
by glass

 

cover

 

Absorber
 

plate 
temperature

 

 

(hr)

 

(K)

 

(MJ m2.day)⁄

 

(W m2)⁄

 

(K)

 

Spring 
and

 Summer

 

10.25

 

297

 

25.35

 

687

 

355

 

Fall and 
Winter

 

7.6

 

282

 

13.87

 

507

 

345

 
III.

 

Result and Discussion

 

In this section the effects of using the 
corrugated absorber plate for different Reynolds number 
on flow and heat transfer field areinspected.Also the 
effects of the carbon black nanoparticle are studied. 
Whether the optimized thermal-hydraulic performance is 
of high interest or outlet temperature increase, the 
appropriate shape of corrugations is chosen. adopting 
the appropriate corrugation shape for optimized 
thermal-hydraulic performance is based on equation(15) 
and for the highest air temperature in outlet is based on 
equation(17). Then for the optimized corrugation shape 
the effect of using nanofluid on flow and heat transfer is 
investigated.

 

a)

 

The effect of corrugation shape of the absorber plate 
on thermal-hydraulic characteristics

 

In this section the effect of using corrugated 
absorber plate with different shapes on the flow and 
heat transfer is analyzed for the first and second six 
months period. In Figures4aand 5a, the diagram of 
average Nusselt number change according to Reynolds

 

number for the first and second six months period is 
shown, respectively. It is observed that by increasing the 
Reynolds number,the average Nusselt number 
increases too. In fact higher Reynolds numbers indicate 
higher velocities that lead to turbulent flow and therefore 
enhance the heat transfer. The results reveal that the 
average Nusselt numbers for corrugated absorber plate 
are always higher than the smooth plate. This is due to 
more turbulence and consequently thinner boundary 
layer in corrugated channels that causes higher 
temperature gradients. The triangular corrugated 
channels in the first and second six months of the year 

have the highest average Nusselt number in all 
Reynolds number and also they can intensify the heat 
transfer to 27%and 25% in comparison with smooth 
channels in Reynolds numbers equal to 2500 for the first 
and second six months of the year, respectively. 
Furthermore comparing to smooth channels, the 
corrugated absorber plate with sinusoidal shape can 
increase the heat transfer to 25% and 23% in Reynolds 
number of 2500, for the first and second six months of 
the year, respectively. 

 

Figures 4d and 5b show PEC according to 
Reynolds number. The PEC values have decreasing and 
similar behavior for all models in the first and second six 
months of the year within investigated Reynolds number 
and for the mentioned collectors PEC decreases by 
increasing the Reynolds number.As it is seen in figure 
4although Nusselt number increases by increasing the 
Reynolds number, the pressure drop is also increasing. 
However increasing the Nusselt number cannot conquer 
the growth of pressure drop and finally it leads to PEC 
decrease by increasing Reynolds number. Therefore for 
the maximum value of the PEC it is possible to 
determine the optimized Reynolds number for each 
absorbershape. The optimized Reynolds number for all 
models is 2500. The collector with sinusoidal absorber 
plate has the best PEC among all configurations that is 
1.08 and 1.06 for first and second six months of the 
year, respectively.
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glass cover is obtained for the first and second six 

Figures 4c and 5c show the diagram of 
temperature increase variation from inlet to outlet in the 
range of mentioned Reynolds number for the first and 
second six months of the year. It is observed that the 
temperature increase in corrugated collectors is more 
than the smooth collectors in all corrugated models 



during both periods. Among these collectors the 
rectangular corrugated collectors during the first and 
second six months have more temperature increase 
from inlet to outlet and after that the sinusoidal and 
triangular corrugated collectors are ranked, respectively.

 

The highest value of temperature increase in the 
low Reynolds range for the rectangular corrugated was 

about 63 K for the first six months and 59 K for the 
second six months these values for the sinusoidal and 
triangular models were 59 K and 55 K, respectively while 
these values were 53 K for the first and 48 K for the 
second six months of the year in smooth collectors.

 

         
 
(b)

 
(a)
 

 
(c) 

 

 
Figure 4:

 

Variation diagram of (a) average Nusselt number, (b) PEC, (c) air temperature increment from collector inlet 
to outlet, according to different Reynolds number for corrugated and smooth absorber plates during the first six 

months
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                                                        (a) (b) 

 

 

              (c)
 

 Figure 5:

 

Variation diagram of (a) average Nusselt number, (b) PEC, (c) air temperature increment from collector inlet 
to outlet, according to different Reynolds number for corrugated and smooth absorber plates during the second six 

months

 The isothermal regions at the first, middle and 
last corrugation of collector are shown in Fig.6 to 
analyze the flow and heat transfer field more precisely. 
As it is demonstrated in the figure the thermal boundary 
layer growth inside the channel, adjacent to the 
absorber plate is more in rectangular corrugation and as 
a result the great part of the fluid is affected by the high 
temperature

 

of absorber plate and consequently the 
outlet temperature increases more. On the other hand it 
is seen that near the glass cover three models have the 
same condition and in the case of the temperature 
distribution there is no preferenceto each other.
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(c)
 

(b)
 

(a)
 

Figure 6:

 

Temperature distribution in the region of (a) the first corrugation,(b)the ninth corrugation,(c)the last 
corrugation for all three different corrugation of rectangular, triangular and sinusoidal in Reynolds of 2500 during the 

first six months of the year

 

Fig.7 shows the velocity vectors in the ninth 
corrugation of each rectangular, triangular and 
sinusoidal model.As it is evident in the figure the reverse 
flow and vortex forms is obviously seen near the 
absorber plate. In triangular

 

corrugation there was a little 
reverse flow close to the absorber plate and in 

sinusoidal model there was no reverse flow. The formed 
vortexes in rectangular corrugations trap the flow in a 
part of channel and decrease the velocity to stagnation 
point this leads to Nusselt number and heat transfer 
reduction.

 
 
 
 
 
 
 
 
 

(a)
 

(b)
 

(c)
 

 
Figure 7:

 

Velocity vectors in the region of the ninth collector corrugation for three different corrugations (a) 
rectangular, (b) triangular, and (c) sinusoidal, in the Reynolds of 2500 during the first six months of the year
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According to the aforementioned discussion the 
sinusoidal corrugated model is chosen as an optimized 

model in case of thermal-hydraulic performance due to 
highest PEC.However in the case of pressure drop it is 



 the best model and overall by considering these two 
parameters

 

together it was chosen as the most 
appropriate model for the conditions that heat is needed 
to be transferred to installed pipes under the absorber 
plate and also by the optimized performance of the 
pumping system with the least losses,the air 
temperature

 

increases, throughout the year. On the 
other hand for the condition that the solar collector is 
supposed to be used increasing the air temperature and 
the pumping system performance and losses are not 
important, the rectangular corrugated model was 
adopted because it has the most temperature increase 
among all models.

 

b)

 

The effect of using nanofluid in different volume 
fractions

 

In this part the effect of using the aerosol-
carbon black nanofluid with spherical nanoparticle and 

different volume fractions on flow and heat transfer field 
of rectangular and sinusoidal corrugations is 
investigated. Figures 8 and 9 show the diagram of non-
dimensional thermo physical properties change for 
aerosol- carbon black nanofluid in different volume 
fractions of carbon black nanoparticles. As can be seen 
in Fig.8 by increasing volume fraction of carbon black 
nanoparticle from 0 to 1% the thermal conductivity and 
dynamic viscosity of nanofluid according to base fluid 
do not have the intense variation and ultimately each of 
them increases to 3% and 2.5%, respectively. But as 
can be seen the nanofluid specific heat variation 
compared to base fluid has an intense changes and it 
increases to 28%. In contrast it is observed in Fig.9that 
the nanofluid density in volume fraction of 1% to 17.5% 
increases like base fluid density. 
 
 
 
 

 

 

Figure 8:

 

Non-dimensional specific heat, thermal conductivity and dynamic viscosity according to carbon 
blacknanoparticle volume fraction in nanofluid mixture

 
Figure 9:

 

Non-dimensional density variation according to carbon black nanoparticle volume fraction in nanofluid 
mixture
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As can be seen in Figures10a and 11a by 
increasing the volume fraction of carbon black 
nanoparticles in air, the average Nusselt number 
increasesas well inside the collector with sinusoidal 
absorber plate for the first and second six months of the 
year. As it is observed in the figure for example in 
Reynolds number of 4000 with volume fraction of 1% the 
Nusselt number increases by 455% and 483% for the 
first and second months of the year, respectively. It was 
perceived that in the Fig.8 nanofluid thermal conductivity 
increase is not much comparing to the base fluid so it is 
not possible to attribute this increase in Nusselt number 
to thermal conductivity however it has an impact on 
Nusselt number increase certainly. But as it was seen 
the nanofluid density and specific heat have great 
changes comparing to base fluid. The calculation with 
equations of (18) to (20) showed that the Prandtl 
number is approximately 0.74415 in the case of using 
the base fluid this demonstrates that the thermal 
boundary layer thickness is more than velocity boundary 
layer. By increasing the volume fraction of carbon black 
nanoparticles the Prandtl number decreased and for 
instance it reached to 0.53497 in volume fraction of 
1%.Besides in the case of using nanofluid the thermal 
diffusion coefficient and kinetic viscosity decrease were 
noticed while the kinetic viscosity decrease was more 
intense. These items show that in the case of using 
nanofluid the thermal and velocity boundary layers 
become thinner. The intense increase in thermal 
boundary layer based on equation(21) leads to 
temperature gradient increase within thermal boundary 
layer and consequently the Nusselt number increases 
on the absorber surface as well as nanofluid thermal 
conductivity. 

By increasing the nanoparticles volume fraction 
and Reynolds number the static pressure drop 
increases from inlet to outlet in collector. The reason for 
increasing the static pressure drop with nanoparticle 
volume fraction increase is the nanofluid density and 
viscosity increment. In addition by increasing the 
nanofluid volume fraction the friction factor decreases. 
The reason for this is more intense growth in nanofluid 
dynamic pressure according to static pressure drop 
because the nanofluid density is siginificantlyincreasing. 
Figures 10b and 11b show the heat performance 
coefficient diagram in the case of using nanofluid in 
different volume fractions and for various Reynolds 
numbers in a collector with sinusoidal absorber plate 
during the first and second six months of the year, 
respectively. As it is seen the heat performance 
coefficientincreases

 

by increasing Reynolds number.

 

This is due to increasing the Nusselt number 
and decreasing friction factor with Reynolds number 
increment. Furthermore by increasing the volume 
fraction,heat performance coefficientincreases too. The 
reason for this is similar increase in the Nusselt number 

and decrease in thefriction factor by Nusselt number 
increment. Consequently in the case of using sinusoidal 
absorber plate with aerosol-carbon black nanofluid, the 
highest heat performance coefficient was obtained in 
Reynolds 4000 and volume fraction of 1% for both first 
and second six months of year.

 

Figures 10c and 11c show the diagram of 
temperature increase changes from collector inlet to 
outlet in the range of discussed Reynolds numbers for 
different nanofluid volume fractions inside the collector 
with sinusoidal absorber plate during the first and 
second six months of the year. It is observed that for all 
volume fractions during both periods of time the 
temperature increment inside the collector having 
nanofluid is less than the collector having the base fluid.

 

In the volume fraction of 1% during both periods 
of time the least temperature increase

 

was observed 
from inlet to outlet and after that the volume fractions of 
0.5% and 0.1% were like that respectively. The least 
temperature increment in low Reynolds numbers was 20 
K for the first six months of the year and 22 K for the 
second six months of

 

the year in the volume fraction of 
1% and these values were 40 K and 38 K for the volume 
fraction of 0.1% respectively. While for the collector 
having the base fluid these amounts were 50 K for the 
first six months of the year and 54 K for the second six 
months of the year. As a result if the temperature 
increase from inlet to outlet is only considered for the 
collector with sinusoidal absorber plate the nanofluid 
usage will not be recommended because it substantially 
decreases the temperature increment from inlet to 
outlet. In addition it is proposed to use the collector in 
low Reynolds number since by increasing the fluid 
velocity the temperature increment from inlet to outlet 
decreases throughout the year.
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Figure 10:  Variation diagram of (a) average Nusselt number, (b) heat performance coefficient, (c) air temperature 

increment from collector inlet to outlet, according to different Reynolds number for sinusoidal corrugated absorber in 
various nanoparticle volume fractions during the first six months of the year
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Figure 11: Variation diagram of (a) average Nusselt number, (b) heat performance coefficient, (c) air temperature 
increment from collector inlet to outlet, according to different Reynolds number for sinusoidal corrugated absorber in 

various nanoparticle volume fractions during the second six months of the year

As can be seenin Figures 12a and 13a, by 
increasing the volume fraction of carbon black 
nanoparticles in air, the average Nusselt number 
increases too inside the collector with rectangular 
absorber plate for the first and second six months of the 
year.Based on figures 12b and 13b by increasing the 
Reynolds number and volume fraction the 𝜂value 
increases. Therefore it was found out that in the case of 
using the rectangular absorber plate with aerosol-
carbon black nanofluid the highest thermal performance 
coefficient is obtained in the Reynolds of 4000 and 
volume fraction of 1% during the first and second six 
months of the year.Figures 12c and 13c show the 
diagram of temperature increase variation from collector 
inlet to outlet in the range of discussed Reynolds 
numbers for different nanofluid volume fractions inside 
the collector with rectangular absorber plate during the 
first and second six months of the year.It is seen that in 
all volume fractions during both periods of time, the 

temperature increment in a collector that has a nanofluid 
is less than the collector with the base fluid. In the 
volume

 
fraction of 1% during both periods of time the 

least temperature increase was
 
observed from inlet to 

outlet and after that the volume fractions of 0.5% and 
0.1% were ranked, respectively. The least temperature 
increment in low Reynolds numbers for volume fraction 
of 1% was 25 K during the first six months and it was 26 
during the second six months and these values were 
approximately 44 K for volume fraction of 0.1%. Hence 
in case of using the model with rectangular corrugated 
absorber plate, if fluid temperature increment from inlet 
to outlet is only considered, the nanofluid usage will not 
be recommended because it considerably decreases 
the temperature increase from inlet to outlet. Moreover it 
is advised to use the collector in low Reynolds numbers 
due to the temperature increase from collector inlet to 
outlet decreases by velocity increment in all cases 
throughout the year.
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 (c) 

Figure 12: Variation diagram of (a) average Nusselt number, (b) heat performance coefficient, (c) air temperature 
increment from collector inlet to outlet, according to different Reynolds number for rectangular corrugated absorber 

in various volume fractions during the first six months of the year 
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Figure 13: Variation diagram of (a) average Nusselt number, (b) heat performance coefficient, (c) air temperature 
increment from collector inlet to outlet, according to different Reynolds number for rectangular corrugated absorber 

in various volume fractions during the second six months of the year



 
 

  

 

IV.

 

Conclusion

 

A numerical study was carried out in order to 
investigate the thermal-hydraulic behaviors of air forced 
convective heat transfer inside the collector with dual 
usage and corrugated absorber plate for turbulent 
regime in the range of turbulent Reynolds numbers 
between 2500 and 4000. The solar collector with dual 
usage means a collector that is able to transfer the 
heatto the fluid inside the installed pipes under the 
absorber plate and also the heat transfer to the air 
passing between the absorber plate and glass cover. 
The focus of the present study has been on enhancing 
the heat transfer because of corrugated absorber plate 
by breaking the laminar sub-layer and producing local 
wall turbulence due to flow separation and adherence 
between successive grooves again that decreases the 
thermal resistance and intensifies the heat transfer 
considerably. As stated by the results corrugating the 
absorber plate improves the thermal characteristics like 
Nusselt number and temperature increment from inlet to 
outlet but in the case of hydraulic characteristics it 
enhances the losses. For this reason by defining the 
PEC that is a compromised point between improving the 
heat transfer characteristics andpressure drop 
compensation, it is possible to obtain the optimized 
model. On that account the results indicate that despite 
this fact that the collectors with triangular and 
rectangular absorber plate have the highest Nusselt 
number as well as highest temperature increase from 
inlet to outlet throughout the year respectively due to 
friction factor increase and pressure drop compensation 
but since the collector with sinusoidal absorber plate 
has the highest PEC for the whole year, the corrugated 
sinusoidal model is introduced as the optimized model 
in the current study. On the other hand if the air 
temperature increase is only considered the rectangular 
corrugated model is the optimized one. The results 
revealed that in the case of using the air base fluid 
whether in term of temperature increase from inlet to 
outlet or in term of the highest PEC,the optimized 
Reynolds number is 2500. For each of the sinusoidal 
and rectangular corrugated models throughout the year 
the carbon black nanoparticles were added to the air 
base fluid in the volume fractions of 0.1% to 1%. The 
results showed that in sinusoidal model which is used 
because of transferring more heat to the fluid inside the 
pipes installed under the absorber plate and also the 
outlet air temperature increase between the absorber 
plate and glass

 

cover, the nanoparticle volume fraction 
increase leads to thermal performance coefficient 
increment and in Reynolds number of 4000 and volume 
fraction of 1% the optimized model was obtained for the 
whole year. In rectangular corrugated model that is 
simulated to increase the air temperature only the 
nanofluid usage and Reynolds number increment are 
not useful at all and lead to outlet temperature decrease. 

So for this model the base fluid usage and 2500 
Reynolds number are recommended.
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