
IP: 62.215.193.29 On: Mon, 10 Jul 2023 06:46:20
Copyright: American Scientific Publishers

Delivered by Ingenta

A
R
T
IC
LE

Copyright © 2023 by American Scientific Publishers

All rights reserved.

Printed in the United States of America

Journal of Nanofluids
Vol. 12, pp. 877–888, 2023
(www.aspbs.com/jon)

Analysis of Mixed Convection and Free Convection
in a Reduced Solar Collector Using a Nanofluid as
Heat Transfer Fluid
Soumia Baali Cherif1, Imene Rahmoune1, Saadi Bougoul1,∗, and Ali J. Chamkha2

1Department of Physics, Faculty of Matter Sciences, Applied Energetic Physics Laboratory (LPEA), University of
Batna 1, 05000, Batna, Algeria
2Faculty of Engineering, Kuwait College of Science and Technology, Doha District, 35004, Kuwait

A three-dimensional investigation of mixed convection which occurs from Al2O3-water nanofluid flow in tube
of a reduced solar collector and free convection in air gap situated between cover of solar collector and its
absorber was investigated. Heat transmission by conduction in absorber and cover as well as thermal losses
to exterior expressed in form of a convective flux have also been taken into account. The different transport
equations were solved using CFD-Fluent software which is founded on finite volume method and Boussinesq’s
law was introduced to take into account of buoyancy effects. In this investigation, thermal efficiency of solar
collector was evaluated and use of nanofluids allows to increase this parameter which is generally low for this
kind of thermal systems. Length of thermal regime established in the tube is proposed and this investigation is
extended relative to other works developed in this research field. Results obtained gave an idea about the flow
structure of the fluid under consideration in a tube of a solar collector and heat transmission mechanisms in air
gap and in other elements of the solar collector. These results can facilitate design of this thermal system.
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1. INTRODUCTION
Today, particular attention has been given to the solar
energy which represents a large part of renewable ener-
gies and which constitute a source of clean, free and inex-
haustible energy. It can replace fossil energies which are a
source of environmental pollution and production of green-
house gases. In use of solar energy, it is useful to capture
it and transform it into useful energy by using efficient
conversion systems.

Among these systems, we find solar collectors and cur-
rently a great effort is being made to improve the efficiency
of these thermal systems. To increase their efficiency,
techniques consist in increasing heat transmission surface
between the absorber and working fluid in a reduced vol-
ume and others are based on the choice of materials of the
various components of these systems without making it
very expensive. Currently, new complementary technology
is being developed to make solar collectors more efficient,
it consists of replacing the conventional heat transfer fluid
(water, ...) by another having high thermal properties.
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To make thermal properties of working fluid better, a
procedure consists of suspending solid particles of materi-
als considered as good conductors of heat in conventional
fluids. Resulting fluid is called nanofluid.
Choi1 developed the first experiment which consists in

studying the suspension of small particles (nanometric)
and detected a clear enhancement in thermal conductivity
of obtained fluid relative to that of basic one, then several
investigations were developed to understand structure and
behavior of this category of fluids and to determine their
physical properties. Maxwell2 showed that thermal con-
ductivity of classic fluid improves by introducing material
particles of different shapes at different volume fractions.
Other studies have been directed by Eastman et al.3 and

Choi et al.4 these authors noticed that thermal conduc-
tivity of nanofluids is important relative to that of con-
ventional fluid. Concentration of nanofluids plays a very
important role in improvement of heat transfer because
its increase makes it possible to increase the correspond-
ing thermal conductivity. However, by exceeding a certain
value, the viscosity increases considerably and conse-
quently the pressure drops become very significant, so an
optimal value must be chosen.
In other studies, improvement of heat transfer has been

investigated by suspending carbon nanotubes (CNT) and
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grapheme in base fluid and results obtained shows that
thermal conductivity of resulting fluid is high.5 Pandey
and Nema6 have experimentally analyzed impact of Al2O3-
water nanofluid on heat transmission, wall friction and
heat lost to outside in a counterflow heat exchanger. They
obtained that thermal conductivity improves by 11% in this
nanofluid having a volume fraction of 2%. To complete
experimental analyses, a large number of numerical inves-
tigations were developed to determine impact of nanoflu-
ids on improvement of heat transmission resulting from
different flows in various thermal installations.
To calculate thermal efficiency of a solar collector,

study of heat transfer is essential and we distinguish
three modes: conduction, thermal radiation and convection.
Study of convection is essential in solar thermal technol-
ogy.
To rise heat transfer, use of nanofluids is essential and

several types of these fluids have been tested to study
experimentally enhancement of heat transmission. Among
these fluids, we find CuO-water, TiO2-water and Al2O3-
water which are the most manufactured and marketed.
Studies of free, forced and mixed convection in cavities of
square, rectangular, circular, trapezoidal shapes as well as
other shapes L, C, H have been developed in an extensive
way7–13 in the case where the considered nanofluid is reac-
tive or not and with or without magnetohydrodynamics.
Other works are developed and we can cite that of

Jakeer et al.14 which analyzed the nanofluid flow resulting
from the mixed convection in an enclosure saturated with
Darcian porous medium. Impact of MHD on a nanofluid
flow resulting from free convection in a cavity having an
inclination has been examined by Mansour et al.15 They
noticed that magnetohydrodynamics modifies streamlines,
isotherms, and average Nusselt number and significantly
influences flow structure.
Galerkin finite element investigation of thermal behavior

of Fe3O4-MWCNT/water hybrid nanofluid introduced into
a corrugated enclosure subject to a uniform magnetic field
was developed by Mourad et al.16 It is showed that average
Nusselt growths with Rayleigh number and porosity ratio
and it presents a decrease with Hartmann number.
Further investigations were carried out in channels with

different shapes of the cross section17�18 which they can be
applied in different thermal installations such as design of
electronic components, heat exchangers and solar collec-
tors.
Solar collectors intervene in several applications, they

are used as heating, desalination and drying systems and in
particular in production of hot water. Several types of solar
collectors are marketed and different investigations have
been developed to know thermal behavior of these thermal
systems. Mintsa et al.19 developed an optimization study
of a solar collector made of a polymer material, this study
is supplemented by a parametric study by looking at the
variation effect of several parameters (length, mass flow,

air layer thickness, etc...) on solar collector thermal per-
formance. Yousefi et al.20 investigated empirically impact
of the nanofluid chosen on a flat solar collector efficiency,
they observed that growing volume fraction from 0.2 to
0.4% rises considerably this factor. Javadi et al.21 directed
an investigation on enhancement of a solar collector per-
formance by varying types of nanofluids, they observed
that thermal conductivity of considered fluids affects sig-
nificantly this parameter.
Studies conducted in this research area illustrate that

application of nanofluids increases heat transmission and
therefore solar collectors’ performance.
Following investigations presented by various authors,

motivation of this work comes to complete what has been
done in this research field by analyzing mixed convection
of Al2O3 nanofluid in a tube and free convection in air gap
of a reduced solar collector. This seems useful and this
analysis facilitates design and optimization of flat solar
collectors.
In this work, we present more information about flow

behavior of the considered nanofluid and modes of heat
transmission in a solar collector by looking at the impact
of Reynolds numbers and concentrations of Al2O3-water
on temperature variation, Nusselt number and thermal per-
formance of the solar collector.

2. PHYSICAL MODEL
Figure 1(a) shows geometry to be considered which con-
sists of a circular tube where heat transfer fluid circulates
and a cover under which there is a small air layer. This
tube is in perfect contact with absorber. These components
constitute the studied solar collector.
Dimensions of studied solar collector are given in

Figure 1(a). The choice of these dimensions is due to sim-
ilar studies carried out in this field22 and which resemble
to our work.
Cover and absorber thicknesses are 4 mm and 1 mm

respectively.
In this analysis, heat transfer modes are evaluated in

three areas of the solar collector:
- Mixed convection in tube (zone 1),
- Free convection in air gap (zone 2),
- Conduction in absorber and cover (zone 3).

In first zone, heat transfer and flow of used nanofluid
due to three-dimensional mixed convection inside the tube
are examined using the monophasic approach. Chosen
nanoparticles volume fraction are 3% and 5% respectively.
Flow of working fluid is considered laminar and stationary
and the imposed Reynolds number varies between 40 and
200.
Nanofluid flow structure and heat transmission that

occur in solar collector tube are studied by classical con-
servation laws taking into account various simplifying
assumptions. Physical characteristics of this used fluid
are considered invariant with temperature except density,
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(a) (b) 

Fig. 1. Studied solar collector (a) and mesh of the computational domain (b).

which presents a variation taken into account into buoy-
ancy forces. Considered fluid used in this analysis is con-
sidered to be incompressible and Newtonian and effects of
thermal radiation is considered negligible.

In second zone, free convection takes place in the region
located between cover and absorber which is filled with
air. Studied flow is stationary and laminar and Boussinesq
approximation is introduced to associate buoyancy effects.
Physical phenomenon that occurs in this enclosure is par-
tially similar to that of Rayleigh-Benard.

Heat transfer by conduction is studied in third part con-
sisting of absorber and cover.

2.1. Mathematical Formulation
In following, three-dimensional and stationary equations
of physical problem to be studied are presented. These
equations give a study of flows resulting from mixed con-
vection in tube and free convection in enclosure filled with
air and placed between absorber and cover.
- Continuity:
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For nanofluid flow in absorber tube, we consider that
solid particles are in thermal equilibrium with conventional
fluid. Taking into account of Boussinesq’s approximation,
density variation with temperature is expressed as:

�=�0 
1−��T −T0�� (6)

�0 is the reference density at temperature T0 and � is the
thermal expansion coefficient at constant pressure.
Different laws used to determine physical characteris-

tics of the fluid flowing through the tube are presented in
the research work directed by Rahmoune et al.23 and they
are introduced into transport equations to determine the
desired variables.
Average Nusselt number is calculated from this

equation:24

Nunf =hnfDh/Kf (7)

hnf is convective exchange coefficient and Dh is
hydraulic diameter.
In the air gap, the same equations written before are

used, it suffices to replace physical parameters of the
nanofluid by those of air.
Dimensionless numbers Reynolds (Re), Grashof (Gr)

and Richardson (Ri) involved in this study have the expres-
sions:

Re= �nf UiDh

�nf

� Gr= g�nf qwD
4
h

knf 

2
nf

� Ri= Gr

Re2

On the limits of the computational domain, these bound-
ary conditions are imposed. At channel inlet, it is assumed
that fluid has a uniform axial velocity Ui calculated from
Reynolds number and a constant temperature To (300 K).
At channel exit, outflow boundary condition is applied and
for each wall, non-slip condition is imposed. In the middle
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surface situated between two tubes, a condition of symme-
try is applied.
A constant and uniform heat flow is imposed to the

absorber plate which satisfies the following expression. It
corresponds to the useful energy extracted by the collector
under stationary conditions and it is related to the energy
absorbed, less that lost by the collector to its environment.
This can be summarized in the following equation:

Q= I�	1 ·��−U1�Ti−Tamb� (8)

	� � are absorption rate of the absorber and that of trans-
mission of the cover I (W·m−2) represents solar radiation
intensity. U is total heat transfer coefficient.
�W ·m−2 ·K−1� which represents inverse of all thermal

resistances of solar collector.
The boundary conditions can be summarized:

- Tube inlet:

u=v=0� w=Ui� T =To

- Absorber’s upper surface

u=v=w=0

Q= I�	1��−U1�Ti−T amb�=Cte

- Tube outlet:

�u
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�z
= �w

�z
=0

�T

�z
=0

At the solid-fluid interface:
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(
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)
fluid

=ka

(
�T

�N

)
solid

Where N is the distance along x or y or z.

3. NUMERICAL APPROACH
After meshing of the computational domain, Fluent-CFD
software is used to resolve different equations associ-
ated with the boundary conditions of the problem to be
solved. These partial differential equations are nonlinear.
The numerical method used is that of finite volumes.
Convective and diffusive terms of transport equations are
approximated using a second-order UPWIND method.
Semi Implicit Method for Pressure Linked Equations
(SIMPLE) algorithm in monophasic approach is intro-
duced to ensure pressure and velocity coupling. This
method was investigated by Patankar.25 As the differ-
ent equations written before are coupled and nonlinear,
they are solved by an iterative scheme and stability of
this scheme is satisfied by employing under-relaxation
coefficients.

Fig. 2. Temperature variation along the tube axis for two different
meshes.

Convergence was assured by values of imposed residu-
als as well as their variation. In numerical solution, ade-
quate and imposed convergence criterion for all equations
is 10−4 except for the energy equation where its value is
taken equal to 10−6.
The solution convergence is satisfied when the differ-

ence between two successive iterations for each variable
is less than the imposed value of the residual. This is
expressed by: ∣∣�n+1−�n

∣∣≤�

� is the considered variable, n is the iteration number
and � the imposed residual.
The discretization of the studied volume was carried out

using a non-uniform mesh.
As temperature and velocity variations are significant, a

tight mesh in region near the inner walls of the tube was
used. For the numerical method, it is important to con-
trol the mesh independence of the obtained results, this
allows us to have correct results and to reduce calculation
time. For two selected meshes (3171427, 5110335), tem-
perature variation along the axis of the tube is represented
in Figure 2. For our case, we opted for the first one.
For cover and absorber, number of nodes in the axial

direction is the same as that of the tube. The cavity located
between absorber and cover has been discretized by using
a non-uniformmesh. Near walls, grid is refined to take into
account of development of dynamic and thermal boundary
layers (Fig. 1(b)).

4. RESULTS AND DISCUSSION
Results of mixed convection in the tube, free convection
in the air gap confined between absorber and cover and
temperature variation in absorber and cover are presented.
These results are compared with some results obtained by
other authors.22

880 J. Nanofluids, 12, 877–888, 2023



IP: 62.215.193.29 On: Mon, 10 Jul 2023 06:46:20
Copyright: American Scientific Publishers

Delivered by Ingenta

Baali Cherif et al. Analysis of Mixed Convection and Free Convection in a Reduced Solar Collector Using a Nanofluid as Heat Transfer Fluid

A
R
T
IC
LE

The simulations are conducted for two values of heating
flux imposed on the absorber (360 W·m−2 and 408 W·
m−2) and for two volume fractions of the nanofluid (3%
and 5%).

After several calculations and choices of the fluxes
imposed on the absorber, these two values were chosen to

keep the study in the case of mixed convection controlled

by Richardson number which must vary in the interval

�0�1≤Ri≤10� for a fixed Grashof number and for a vari-

able Reynolds number which takes the values 40, 80, 100

and 200.

z = 0.01m z = 0.06m z = 0.1m 

z = 0.15m z = 0.25m z = 0.35m

(a) 

z = 0.01m z = 0.06m z = 0.1m 

z = 0.15m z = 0.25m z = 0.35m

(b) 

Fig. 3. Temperature variation in various cross sections of tube for Re=40. (a) �=3%, (b) �=5%.
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Heat flux fixed on absorber is equivalent to incident
solar radiation and it corresponds to the boundary condi-
tion imposed on this surface.
The ambient temperature is maintained equal to 293 K

and the convective exchange coefficient imposed on the
cover corresponds to the case where the wind speed is
zero. This coefficient is calculated from the formula:22

h=5�7+3�8uw, uw is the wind velocity.

Other expressions can be used.26

4.1. Study of Mixed Convection in the Tube

The velocity imposed at the inlet of the tube is calcu-

lated each time from the fixed values of the numbers of

 = 0.1mzz = 0.06mz = 0.01m

z = 0.15m z = 0.25m z = 0.35m

(a) 

z = 0.01m z = 0.06m z = 0.1m 

z = 0.15m z = 0.25m z = 0.35m

(b) 

Fig. 4. Temperature variation in various cross sections of tube for Re=100. (a) �=3%, (b) �=5%.
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Reynolds and Richardson and the temperature at the inlet
is chosen equal to 300 K.

For a mass flow incoming tube and for heat flux
applied to absorber, buoyancy effects occur. To measure
the intensity of the mixed convection which results from
the phenomena associated with natural convection and
forced convection, we use the Richardson number which
must be in the interval going from 0.1 to 10. In our case,
the values chosen of Richardson varies between 0.2 and 5.
In each cross-section, two convective cells occur and cre-
ate secondary flow resulting from buoyancy effects. They
raise the hot fluid along the wall and they lower it along the
center of the tube. At inlet of tube, temperature distribu-
tion does not present a circumferential variation, therefore
the wall-fluid exchange coefficient can be considered as
uniform. In this case, boundary layer develops and buoy-
ancy effects are not considerable and impact of natural
convection are not significant.

Before reaching the established regime in a section
perpendicular to the tube axis, it is noted that temper-
ature variation is non-uniform and accumulation of hot
fluid with a stratification occurs in the upper part of this
section while the temperature remains almost constant at
the bottom. This temperature variation is due to intense
effects of secondary flows. This phenomenon is signifi-
cant going along the length of the tube which favors the

development of the established regime. Then temperature
variation becomes the same in two consecutive sections so
mixed convection is established. Wall temperature depends
on axial and tangential direction. Due to the asymmetry
in the temperature profile in each cross section of tube,
exchange coefficient between the wall and the fluid is not
uniform.
According to results obtained, volume fractions does not

influence the flow structure and the length where this flow
develops (intersection of the two thermal boundary lay-
ers), and for high values of volume fractions, nanofluid
temperature becomes high.
Reynolds number influences this length, when this num-

ber is high the length where the flow regime becomes fully
developed becomes significant. Results obtained are rep-
resented in Figures 3–5.
Heat transmission between the absorber and the fluid

flowing in the tube is related to the convective heat trans-
fer coefficient which has a decreasing value according to
the direction of the flow to reach a constant value once
the thermal regime is established. For this, we propose an
expression of the establishment length while keeping the
same equation given in several Refs. [19, 27]
Following results obtained, we can propose an approx-

imate thermal entry length which resembles that which

z = 0.25mz = 0.15mz = 0.01m

(a) 

z = 0.01m z = 0.15m z = 0.25m 

(b) 

Fig. 5. Streamlines in different cross sections of tube for Re=40. (a) �=3%, (b) �=5%.
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exists in theory for laminar flows. This length has the
expression:

Lt�laminar=Cst ·Re ·D ·Pr (9)

For each Reynolds number (Re), constant value is given.
In this case, the Prandtl number (Pr) is less than 5, 6. D
is hydraulic diameter. Constant has a value of 0.029 for
Reynolds numbers equal to 40 and 100 and �=3% and
a value of 0.0316 for the same Reynolds numbers and
�=5%. These constants are not far from those proposed
by Cengel.27

Nusselt number is determined by Eq. (7). Along tube
wall, this number is presented in Figure 6. we noted that
this number growths with volume fraction and Reynolds
number. For Reynolds number values below 100, variation
in Nusselt number with volume fraction is not too signifi-
cant.
Outlet temperature decreases when Reynolds num-

ber (hence mass flow) increases. Increase in mass flow
decreases heat transmission and fluid flowing through tube
collects less heat from absorber. Nanofluid having high

volume fraction gives a high outlet temperature. This is
shown in Figure 7. This figure gives the temperature vari-
ation according to the horizontal diameter of the tube, this
variation depends of the secondary flow which occurs ver-
tically. We note that temperature rises when the volume
fraction increases.

4.2. Temperature Variation in the Absorber and the
Cover

In zone located at inlet of the tube, boundary layer devel-
ops having a low thickness which gives a maximum
heat exchange. Looking at absorber temperature variation
(Fig. 8(a)), we can note that effect of heat transfer fluid on
this variable is remarkable over a large area. When fully
developed regime is reached, effect of coolant on absorber
temperature is limited to a small area.
Thermal losses to the outside of solar collector are pro-

portional to absorber temperature, if absorber temperature
is high, energy emitted to cover by absorber is consider-
able and moreover if thermal gradients between absorber

Fig. 6. Evolution of Nusselt number with Reynolds number and volume fraction.

Fig. 7. Temperature variation in a tube section for Re=40 and for two values of the volume fraction. (a) First imposed heating flux, (b) second
heating flux imposed.

884 J. Nanofluids, 12, 877–888, 2023



IP: 62.215.193.29 On: Mon, 10 Jul 2023 06:46:20
Copyright: American Scientific Publishers

Delivered by Ingenta

Baali Cherif et al. Analysis of Mixed Convection and Free Convection in a Reduced Solar Collector Using a Nanofluid as Heat Transfer Fluid

A
R
T
IC
LE

Re = 40 Re = 100

(a) 

Re = 40 Re = 100

(b) 

Fig. 8. Absorber (a) and cover (b) temperatures for �=3%.

and cover are significant, heat transfer by free convection
increases, which promotes heat losses to external environ-
ment. Absorber temperature influences heat losses, there-
fore, heat transmission between absorber and heat transfer
fluid must be efficient. For temperature variation of the
absorber, we can note that symmetry is well respected, this
is represented in Figure 8(a).

Variation in cover temperature is given in Figure 8(b),
we see that it is symmetrical and it follows the same vari-
ation as that of the absorber with a decrease in its val-
ues, therefore cover temperature is in close relationship
with that of the absorber and consequently, it influences
the convective transfer to outside. Heat transfer between
absorber and cooling fluid is in a relationship with to the
difference in their temperatures.

4.3. Free Convection in air gap
Thickness of air gap is chosen equal to 10 mm, this choice
is due to the fact that analysis of performance of a solar
collector has been carried out and maximum efficiency is
obtained for the chosen thickness.19 For small thicknesses
of air gap, conduction becomes dominant while convection
becomes significant for great ones. Therefore, thickness of
air gap must have an optimum to limit heat losses from
absorber to outside.

For studies carried out, it has been found that despite
thermal losses which remain low along cover for a thick-
ness of air gap greater than 10 mm, efficiency of the solar
collector decreases, this is due to natural convection which
becomes intense in confined space and moving air carries
energy from absorber and releases it to collector cover.
Velocity variation in air gap is given in Figure 9.

Fig. 9. Air velocity in air gap.

J. Nanofluids, 12, 877–888, 2023 885
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Z = 0.5mZ = 0.001m

Fig. 10. Temperature variation in the air gap for two cross sections for �=3% and Re=40.

This curve highlights presence of free convection in
confined space positioned between absorber and cover. Air
circulation in this zone is due to buoyancy forces which are
due to difference in densities. As we can see, air velocity
increases along absorber (ordinate Y = 0) and decreases
along collector cover (Y = 10 mm). We notice that for
high volume fractions of nanofluid, fluid becomes accel-
erated (see Fig. 9), this is related to the volume fraction
which has an impact on the streamlines. Temperature vari-
ation for study of free convection in air gap is shown in
Figure 10. This air gap is characterized by a large aspect
factor.
As it can be shown in this figure, absorber temperature

is not uniform, so in certain sections of air gap positioned
near the inlet zone of cooling fluid, heat transfer takes
place by conduction (diffusion) and in other sections fur-
ther from the inlet where temperature gradient between
absorber and cover is important, heat transmission by free
convection occurs and gives rise to a multicellular flow
equivalent to that of Rayleigh-Benard. The inhomogeneous
absorber temperature field results in an irregular variation
of cells in successive cross-sections. This is evidenced by
study of Cerón et al.22

The multicellular flow is noted in the case of
low Reynolds numbers because temperature difference
between absorber and cover in some sections is important
which favors air movement by natural convection contrary
to the case of high Reynolds numbers where conduction
becomes dominant and heat transfer occurs by diffusion.

4.4. Solar Collector Performance
In this part, we proceed to evaluation of the solar collector
performance.
Thermal efficiency of the solar collector can be

expressed as the ratio of useful power supplied and heating
flux applied to the absorber. This is given by the following
expression:

�= Q

AabI
(10)

The useful heat Q represents the useful heat collected
which is given by:

Q=mcp�To−Ti� (11)

Where m is mass flow, cp is specific heat at constant
pressure and To−Ti is the difference between outlet and
inlet temperatures of used fluid. For chosen values of vol-
ume fractions, thermal efficiency of solar collectors rises,
this is due to improvement in nanofluid thermal conduc-
tivity.
In figure below (Fig. 11), we give variation of ther-

mal efficiency of the solar collector according to Reynolds
number, we also note that the thermal performance
increases for the chosen values of Reynolds and it is better
for the case of nanofluid than for the case of conventional
fluid.
For the second heat flux imposed on the absorber, for a

volume fraction of 5% and a Reynolds number equal to 40,
we show three-dimensional variation of the temperature

Fig. 11. Thermal performance variation of the solar collector with
Reynolds number.
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(a) (b) 

Fig. 12. Three-dimensional temperature variation. (a) In the tube; (b) In the air gap.

of the nanofluid in the tube and in the air gap, this gives
an idea of the thermal behavior of the nanofluid flowing
through the tube and of heat transmission that occurs in
air gap. Figure 12 gives this temperature variation.

5. CONCLUSION
A numerical model for a flat solar collector consisting of
a tube in perfect contact with an absorber surmounted by
an air gap confined between absorber and cover has been
developed. In this study, we have developed a detailed
analysis of mechanisms of heat transmission in various
components of solar collector under the boundary condi-
tions imposed. Temperature field in absorber and in cover
was determined and the flow structure and thermal behav-
ior of nanofluid in the tube were investigated. This analysis
is supplemented by study of free convection in air gap.

The main conclusions drawn are:
- Examination of mixed convective heat transmission
inside the tube revealed a higher Nusselt number with
increasing nanofluid volume fraction. Buoyancy effects
associated with main flow of nanofluid favor a rise in heat
transfer rate.
- Study of free convection in air gap shows that in region
which corresponds to the entry of the coolant and for high
Reynolds numbers, heat transfer is generally done by con-
duction, however for low Reynolds numbers and moving
away from fluid inlet region, we see the appearance of
convection cells and due to non-uniform temperature of
absorber these cells are formed in a discontinuous way
along the air gap. These cells sometimes promote heat loss
to the outside by heating the glass of the solar collector
what influences the thermal performance of the solar col-
lector.

For chosen Reynolds numbers, Nusselt number
increases and consequently heat transfer coefficient
increases which improves the energy system efficiency.

- A correlation of the length of the fully developed ther-
mal regime in the tube has been proposed and this corre-
lation is not very different from those given by classical
laws.
- Until 5% of the nanofluid volume fraction (maximum
value chosen in this study), presence of nanoparticles in
heat transfer fluid gives an improvement in thermal perfor-
mance of the solar collector.

NOMENCLATURE
A absorber area [m2]
cp specific heat at constant pressure [J·Kg−1 ·K−1]
Dh Hydraulic diameter [m]
g gravitational acceleration [m ·s−2]
h convection heat transfer coefficient [W·m−2 ·

K−1]
I intensity of the solar radiation [W·m−2]

Lt thermal entry length [m]
ṁ mass flow [Kg ·s]
P pressure [Pa]
qw heat flux [W·s−2]
Q heat collected [W·m−2]
T temperature [K]

u�v�w velocity components [m ·s−1]
uw wind velocity [m ·s−1]
U1 overall heat transfer coefficient [W·m−2 ·K−1]

x�y�z cartesian coordinates [m]

Greek Symbols
	 thermal diffusivity [m2 ·s−1]
� density [Kg ·m−3]
� coefficient of thermal expansion [K−1]
� thermal performance [%]
� dynamic viscosity [Kg ·m−1 ·s−1]

 kinematic viscosity [m2 ·s−1]
� Volume fraction [%]
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Subscripts
ab absorber plate

amb ambient
avg average
f fluid
nf nanofluid
gc glass cover
s nanoparticle

i�o inlet and outlet

Dimensionless Numbers
Gr Grashof number
Nu Average Nusselt number
Re Reynolds number
Pr Prandtl number
Ri Richardson number
Ra Rayleigh number

Optical Parameters
	1 absorptivity
� transmissivity
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