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Abstract

Harnessing energy from a sustainable source like the Sun may be one of the
key solutions for the increasing demand of energy. However, conventional
solar harvesters are relatively low efficient so that use of solar energy is
challenging. Several experimental studies have shown in the last decades
that the optical and thermophysical properties of the working fluid in solar
collectors can be enhanced by adding nano-sized particles. These findings
have led to the development of the Direct Absorption Collector (DAC),
which is a more promising device compared to the most widely used solar
collector, i.e. the flat plate collector. However, a reliable theoretical de-
scription of the process phenomena is required for the optimization of the
design.

In this research, photothermal energy conversion in nanofluids was nu-
merically studied using a Computational Fluid Dynamics (CFD) model.
A DAC of cylindrical shape with incident light on one of its surfaces was
adopted for simulations. The Eulerian two-phase transient model included
the volumetric absorption of light, losses to the surroundings and the Brow-
nian motion. The validation of the model with experimental data demon-
strated low discrepancies.

The model was studied parametrically, altering the extinction coeffi-
cient and specific heat of the base fluid, as well as the surface transparency,
collector height, solar concentration, particle volume fraction and particle
size. The enhancement in efficiency (20%) due to the use of nanofluids
was demonstrated by comparison against a selective surface absorption
collector. The radiative and convective losses from the DAC surfaces were
increased with the nanoparticle volume fraction and with the solar con-
centration. As the collector height was reduced, the maximum average
temperature increased. A maximum temperature of 200.8◦C was observed
for a 1 cm nanofluid column and 10 sun, where 1 sun equals 1000 W m−2.
For a 1 cm solar collector and 2.3 sun, a maximum thermal receiver effi-
ciency of 67% was found for 50 ppm. Increasing the particle size did not
lead to a significant enhancement in the receiver efficiency. Nevertheless,
it resulted in significant particle deposition. A strong dependency on the
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size of the nanofluid column and convection currents was shown. The ef-
ficiency was enhanced by 14.5% for the case when the incident light was
to the bottom surface in comparison to the case when the incident light
irradiated the top surface. The maximum velocity of the dispersed phase
was 0.15 cm s−1, which was found for the case when particle concentration
was 1.25 ppm.

Finally, design recommendations were presented based on the performed
theoretical analysis.
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Chapter 1

Introduction

The worldwide increasing energy demand of energy, together with the fossil
fuel emissions concern has led to a growing renewable sources market. The
Europe 2030 strategy [1] aim for at least a 27% share of renewable energy
consumption and a 40% cut in greenhouse gas emissions compared to 1990
levels. In order to meet these targets, investing in cleaner, low carbon
technologies or alternative energy sources is needed. Figure 1.1 shows the
energy consumption of renewable sources in Europe from 1900 to 2016.
The consumption from renewable sources increased about 3 times. The
fact that the Sun is a major source of inexhaustible free energy makes solar
energy a promising source to fulfill the increasing demand of energy [2], and
its use has increased in Europe in the past 6 years. However, due to the
relatively low efficiency of conventional solar harvesters (collectors, ponds
and photovotaic cells), use of solar energy is challenging. New cheaper
technologies or improving of the efficiency of existing technologies with low
additional cost would strengthen the independence from fossil fuels.

The most developed technologies for solar harvesting are photovoltaic
cells and thermal collectors. Photovoltaic cells or solar panels absorb the
energy form the Sun in a semiconductor material, which produces electric-
ity. Solar thermal collectors are devices that transform the radiation energy
from the Sun into internal energy of the working fluid. Unlike the photo-
voltaic cells, which only can utilize a narrow range of the light spectrum,
the solar thermal collectors can generate heat from the Sun across the full
spectrum. There are different kind of thermal collectors in use nowadays
such as the concentrating type solar collectors, which are used for high tem-
perature applications. This type of collector is characterized by the use of
reflecting surfaces, which concentrate the incident radiation at a particular
point. A rotatory element moves the collector so that the Sun’s rays are
focused on the absorbing tube along the day. A simpler collector is flat
plate type, which does not require moving parts. Its working temperature
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Figure 1.1: Gross inland consumption of renewable sources EU-28 1990-2016 [3].

is lower than concentrating type solar collectors, being suitable for domes-
tic water heating, building heating, crop drying and industrial processing
[4]. Despite the declining tendency in solar technology cost, the overall cost
still remains high, which makes the use of solar energy challenging. A new
kind of solar collectors are direct absorption solar collectors (DAC) (see
Figure 1.2). This type of collector is a more promising device compared
to the flat plate collectors. The working fluid, which consists of a base
fluid and dispersed particles, absorbs directly the incident rays so that the
absorber plate is not needed. They present less thermal resistance and a
higher efficiency compared to the flat plate solar collectors.

The conventional fluids used in solar harvesters have a low thermal
conductivity in comparison to the thermal conductivity of carbon or met-
als. For instance, carbon nanotubes present a high thermal conductivity,
reported to be around 3000 Wm−1K−1 [4]. Thus, dispersing particles of
these solid materials into the base fluid increases the thermal conductiv-
ity of the mixture. As it was introduced by Choi et al. [5], a nanofluid
consists on adding nano-size particles to a base fluid. Adding nano-size
particles of materials with the desired thermal properties will enhance the
heat transfer. Moreover, a receiver with nanoparticles dispersed in the
working fluid moves the high temperatures to the interior of the collec-
tor, which reduces the surface losses present in conventional receivers. It
has been demonstrated by several researchers that the thermal efficiency
of solar collectors can be improved significantly by using nanofluids as the
working fluid [6, 7, 8].

The idea of suspending particles on a fluid is not new. Since Maxwell’s
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Figure 1.2: Illustration of the working principle of a direct absorption solar collector
(DAC).

theoretical work more than a century ago, many theoretical and experimen-
tal studies of thermal conductivity in suspensions have been performed.
Nevertheless, particles sizes were of millimeter or micrometer order, which
introduces, among others, severe abrasion or sedimentation problems in the
equipment. A nano-size of these solid particles can assure the stability of
the suspension without significant increase of the apparent viscosity and
the deposition of particles. In addition to solar collectors [6], it opens a
wide range of applications such as distillation [9], thermal storage systems
[10] or geothermal energy [11].

Several independent research groups aim their activities at the develop-
ment of a novel solar generator to produce heat and electricity. Electricity
could be produced by use of for instance a turbine, which could utilize the
vapour generated in a solar collector. Nevertheless, optimization of the
solar generator is hardly possible without a reliable theoretical description
of the complex phenomena, which describe the process.
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Chapter 2

Basic Theory

According to the definition by Crowe et al. [12], a multicomponent-multiphase
flow is a system with a discrete distribution of the macroscopic parame-
ters. Multiphase refers to the mixture of materials with different states of
matter, i.e. liquid, solid or gas. Multicomponent refers to the mixture of
different chemical species such as carbon, gold or water. In a nanofluid,
at least two phases coexist. The fluid flow may consist of more than two
phases, for instance solid particles flowing with a liquid and its vapour. In
this thesis, the system studied consists of solid particles dispersed in a base
liquid fluid. The liquid fluid is referred as the continuous phase, in which
properties such as density and velocity vary continuously from point to
point. The dispersed phase is defined as the phase, which is not materially
connected, i.e. the solid particles.

2.1 CFD

CFD is a complementary approach to pure theory and pure experiment.
The CFD approach consists on the use of a numerical technique for solving
the governing equations for a given flow geometry and boundary conditions.
Each of the equations comes from each of the conservation principles in fluid
dynamics and its application to a suitable model of the flow.

The conservation laws can be expressed using an Eulerian approach or
a Lagrangian approach. In the Eulerian approach, the flow is determined
by analyzing the behaviour of the fluid properties as a function of time.
In the Lagrangian approach, the fluid flow properties are determined by
tracking a moving control volume as it moves through space and time.

The application of each model will produce a different mathematical
statement of the governing equations, which may be more or less conve-
nient for the given application and/or for simulation using CFD. The flow
model, where an infinitesimally small element is fixed in space with the fluid
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moving through it, leads to the differential form of the governing equations
in conservation form. The governing equations in conservation form can all
be expressed by the same generic equation, which offers a numerical and
computer programming convenience.

The equations and variables (i.e. density, viscosity or pressure) are
then discretized. The integral or partial differential equations are replaced
with discrete algebraic equations, and the variables are approximated to a
fixed number of values. Finally, these equations are solved using numerical
algorithms and values for the variables are found at the discrete points.

2.1.1 Governing equations

Determining the appropriate mathematical model describing the physics of
the process is one of the key factors. The continuity, momentum and energy
equations are mathematical statements of the three fundamental physical
principles on which all fluid dynamics is based: conservation of mass, New-
ton’s second law and conservation of energy. This set of equations is known
as the Navier-Stokes equations and can be written in conservation form as:

∂ρ

∂t
+∇(ρv) = 0,

∂(ρv)

∂t
+∇(ρvv) = −∇p+∇(µv) + ρg and

∂(ρe)

∂t
+∇(ρev) = ∇(k∇T ).

(2.1)

Here ρ is the density v is the velocity vector, p is the static pressure field,
µ is the dynamic viscosity, e is the specific energy, k is the thermal con-
ductivity coefficient and T is the temperature.

The continuity equation represents the net mass flow out of an infinites-
imally small element in x, y and z direction.

The momentum equation comes from applying the conservation of mo-
mentum law. The resultant force acting in each direction must equal the
mass times acceleration in that direction. Both surface and body forces are
included in the derivation of the equations presented above. Body forces
refer to all the forces acting on the volumetric mass of the fluid element
(such as gravitational or magnetic force), while surface forces act directly
on the surface of the fluid element like pressure or viscous forces.

The energy equation is based on the conservation of energy principle.
The rate of change of energy inside the element must equal the total energy
transfer to or from the surrounding elements.
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2.1.2 Boundary and initial conditions

The equations described above govern the flow of a fluid. To be able to
solve the particular case object of study, boundary conditions need to be
associated with each geometric surface. For instance, for a viscous flow
the boundary condition on a surface assumes zero relative velocity between
the wall and the fluid immediately in contact with the wall. Then at the
surface the expression for the velocity reads:

u = v = w = 0, (2.2)

where u, v and w are the velocity components in each direction. This
boundary condition is known as the no-slip condition [13].

Analogously, the no-slip condition associated with the temperature at
the surface reads:

T = Twall, (2.3)

which means that the temperature of the fluid immediately in contact with
the wall. T equals the temperature at the wall Twall. If the temperature
of the wall is a function of time, a temperature gradient can be specified
as the boundary condition. For instance, for heat conduction using the
Fourier law the boundary condition is:

∂T

∂n
=
−qwall
kwall

, (2.4)

where n denotes the direction normal to the wall, qwall the heat transfer to
the wall and kwall is the conductivity of the wall. For an adiabatic wall, the
heat transfer to the wall qwall = 0 is to be inserted in the above equation.
Other boundary conditions can be expressed in the same way. In Chapter
5, boundary conditions for conductive and radioactive heat transfer are
introduced.

The boundary conditions are applied in each time step. On the other
hand, the initial conditions define the starting solution of the whole domain
and they are replaced as soon as the solver starts to run. The boundary
and initial conditions used in the model are described in Chapter 5.

2.1.3 Discretization and solution

The governing equations are described in this thesis in partial differen-
tial form which give the variation of the dependent variables continuously
throughout the domain. The mathematical model is transformed into a
system of algebraic equations using a discretization technique. The dis-
cretization of the governing equations for unsteady problems is done in
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space and time. The resulting linear equations can only give answers at a
finite amount of points in the domain, grid points, and at a certain time
sub-intervals, time-steps.

In Star-CCM+, the finite-volume discretization technique is applied for
the solution of multiphase flow [13]. The solution domain is subivided
into a finite number of small control volumes, corresponding to the cells of
the computational grid. Each grid point is surrounded by a finite volume.
The discretized continuum transport equations are applied to each control
volume. A set of linear algebraic equations is obtained with total number
of unknowns in each equation system corresponding to the number of cells
in the grid. The resulting linear equations are then solved with an algebraic
multigrid solver. For solving the incompressible Navier-Stokes equations a
staggered grid is used. As illustrated in Figure 2.1 the velocity variables v
and u are stored at the cell faces, whereas the pressure is located at the cell
center. This avoid the decoupling between the pressure and velocity, which
is an error of the structured grids leading to checkerboard distribution in
the solutions [13].

Figure 2.1: Illustration of a staggered grid.

2.1.4 Solver

The discretized equations are solved in this thesis using the Semi-Implicit
Method for Pressure Linked Equations (SIMPLE). The SIMPLE algorithm
is initiated by setting the boundary conditions and computing an estima-
tion for the velocity and pressure gradients. An intermediate velocity field
is then sought by solving the discretized momentum equation. In general,
the intermediate velocity field does not satisfy the continuity equation,
therefore iterative corrections are necessary. A pressure correction equa-
tion is then solved producing cell values for the pressure correction. The
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pressure field, velocities and density variations caused by pressure changes
are updated using under-relaxation to ensure convergence of the solution
algorithm.

2.2 Two-phase flow modelling

Many approaches are found in the literature for modelling solid-liquid mix-
tures. The simplest method is the single-phase approach, which considers
the mixture as a single phase. Empirical properties for the mixture are
used for solving the governing equations.

Among the two-phase models, Eulerian-Eulerian and Eulerian-Lagrangian
can be distinguished. In the Eulerian-Lagrangian approach each particle
in the flow field is tracked and the equation of motion is solved for each in-
dividual particle. The mechanisms of the dispersed phase behaviour, such
as particle-particle and particle-wall interactions can be included using this
method. However it is very computer intensive, so its application is limited
to very small systems and/or low amount of particles. On the other hand,
in the Eulerian-Eulerian model the dispersed phase is treated as a con-
tinuum interpenetrating and interacting with the continuous phase. This
method is appropiate to use on a large scale and is less computer inten-
sive. Solid-liquid interactions are straightforward to implement, although
modelling of the detailed processes taking place in the dispersed phase is
challenging.

In the model used in this research, the Eulerian approach was adopted
for both continuous and dispersed phases. Both phases are treated as
interpenetrating continua characterized by their volume fraction. The con-
servation equations are used for each of the phases separately, taking into
account the portion of the control volume occupied by each phase.

2.3 Radiative heat transfer in surface and

volumetric absorption-based systems

A solar thermal system converts the solar radiant energy into thermal en-
ergy of the working fluid. The process can be divided in two steps. First
the solar irradiance is absorbed and then the absorbed energy is trans-
ferred to the fluid through conductive and convective heat transfer. The
radiative heat transfer mechanism is one of the key factors governing the
performance of solar harvesters.

Figure 2.2 illustrates schematically the absorption mechanism for sur-
face and volumetric absorption-based systems. In the case of surface ab-
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Figure 2.2: Illustration of surface and volumetric absorption mechanisms.

sorption systems, the solar irradiance absorption is characteristic of the
surface material. A surface is able to absorb only a part of the incident
flux I0, determined by the absorption efficiency α. The energy absorbed
per unit surface is given as:

Qabsorbed

A
= αI0. (2.5)

In the case of volumetric absorption systems, it depends on both the mate-
rial and the thickness of the layer. The energy absorption can be calculated
from the Beer-Lambert law as:

Qabsorbed

V
= BI0e

−Ky, (2.6)

where B is a factor which account for scattered radiation, K is the extinc-
tion coefficient and y is the optical path. The extinction coefficient depends,
among others, on the particle concentration and size. Thus, the distribu-
tion of the particles influences the absorption capability of the nanofluid.
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Chapter 3

Literature survey

Numerous studies of nanofluids have been performed in the last decades.
Tyagi et al. [14] studied theoretically a direct absorption solar collector
using a water-aluminum nanofluid. Their heat transfer analysis revealed
the efficiency behaviour with different working parameters. The thickness
of the collector was varied from 0.2 to about 5 mm, particle size was con-
sidered in the range 1 to 20 nm and volume fraction from 0.1 to 5%. They
reported increase of the efficiency with particle volume fraction and collec-
tor height. The particle size did not influence significantly the efficiency.

Li et al [15] performed steam generation experiments using Ag@TiO2

dispersed in water. For higher concentrations of solid particles, a higher ab-
sorption capacity was reported and a lower evaporation efficiency. This fact
was explained by the higher scattered radiation for higher concentrations.
A cyclic experiment, refilling the evaporated water after each cycle, con-
ducted by this group shows the well re-usability of the nanofluid considered
in their work.

Ni et al. [16] performed experiments and developed numerical and
analytical models for low solar concentration (<10 sun, where 1 sun equals
1000 W m−2). They reported a better performance in transient situations
for graphitized carbon black and graphene nanofluids (69%) than for carbon
black nanofluid.

Liu et al. [17] conducted a combined numerical and experimental study
on graphene/ionic liquid nanofluid in a based direct absorption solar col-
lector. The heat transfer model used was close to the experimental results.
They attributed temperature discrepancies between numerical and experi-
mental results to convection effects not considered in the model.

The most common approach among theoretical studies within nanoflu-
ids has been the single-phase approach, which assumes a thermal equi-
librium between the phases and neglects the slip mechanisms between a
nano-particle and the host fluid. The results, however, are strongly de-
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pendent on the effective parameters models obtained from experimental
work.

As nanofluids consist of two phases, it is natural to expect some solid-
liquid mixture behaviour. With the two-phase approach, interactions be-
tween the phases can be included in the model. The fluid and particles are
considered as two different phases and different factors can be modelled,
such as friction between fluid and particles, Brownian or thermophoretic
forces and sedimentation, which affect the thermal behaviour of nanofluids
[18]. The continuous phase is usually modelled by an Eulerian model, and
the dispersed phase by either an Eulerian or a Lagrangian approach.

Mahdavi et al. [19] performed a numerical study of the hydrodynamic
behaviour of nanofluids. They compared the Eulerian mixture model with
the Lagrangian model in a steady-state flow. The first one solves only one
momentum and one energy equation, while the last one calculates the slip
velocity and temperature difference between particles and liquid. For the
mixture model, a strong dependency on the empirical nanofluid properties
was reported. The Lagrangian approach, which only requires thermophys-
ical properties for the base fluid, showed a better agreement with exper-
iments. A large number of nano-particles present in the nanofluids, even
for a low volume concentration, makes the Lagrangian technique hardly
applicable for a numerical simulation of the nanofluid-supported DAC, due
to enormous computational costs.

Kalthe et al. [20] considered an Eulerian-Eulerian two-phase model to
study numerically the nanofluid laminar forced convection in a microchan-
nel. They studied a copper–water nanofluid inside an isothermally-heated
parallel plate microchannel. They included virtual mass force and particle-
particle interaction force in their model. They observed a negligible relative
velocity and temperature between the phases and concluded that the under-
estimation of the heat transfer enhancement by single-phase approaches is
due to the models for the nanofluid properties assumed. The same group
[21] also studied aluminia-water nanofluid using a laminar, steady state and
two-dimensional Eulerian-Eulerian two-phase model. They concluded that
the two phase model were in better agreement with experimental results,
in comparison to a single-phase model.

The thermophysical properties of the working fluid determine the per-
formance of nanofluids in different applications. Thermal conductivity,
specific heat, viscosity and heat transfer coefficient are the parameters,
which has been proved to influence most the nanofluid performance. The
behaviour of these properties with temperature, base fluid or particle size,
shape and volume concentration is crucial for the selection of appropriate
nanofluid in the given operating condition.

Water, ethylene glycol or oil constitute usually the base fluid when
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preparing nanofluids. However, the relatively low boiling temperature of
water and ethylene glycol limits its use in many applications. The limita-
tion of synthetic oil is due to its high vapour pressure and poor thermal
stability. In solar harvesters a working fluid with low vapour pressure and
high thermal stability is required.

Ionic liquids are organic salts with low melting points, wide range of
liquid temperature, low vapor pressure, and high thermal stability [22].
For instance, 1-hexyl-3-methylmidazolium tetrafluorate ([HMIM]BF4) has
a freezing point of around -80◦C and a decomposition temperature of 420◦C
[17]. The shortcoming of ionic liquids, which is poor sunlight absorptivity,
can be enhanced by adding nanoparticles which also results on lower vis-
cosity than their base fluids, what is beneficial for their application as heat
transfer fluids.

Metals and metals oxides such as Au [23, 24], Ag@TiO2 [15] or Al2O3

[14] have been widely investigated. However, the high thermal conductivity
of graphene and its light absorption capability has attracted an increasing
attention. In the latest research studies carbon materials have shown the
greatest collector efficiency [4]. Wang et al. [22] studied the thermal con-
ductivity enhancement at very low loading of graphene. They prepared
highly stable graphene based nanofluids with ionic liquid in ([HMIM]BF4)
as base fluid, refer as ionanofluids. They reported an enhancement of over
15% on thermal conductivity which increases as temperature rises.

In this thesis, a transient Eulerian-Eulerian model was adopted to study
the photothermal conversion in a DAC under low solar concentration. The
DAC consists of a cylindrical container filled with ionic fluid and graphene
nanoparticles. The volumetric absorption of incident light and the Brown-
ian motion models were considered. The model was built in the commercial
CFD (Computational Fluid Dynamics) software Star-CCM+. A paramet-
ric analysis was done by altering the main process determinants.
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Chapter 4

Theoretical model

The DAC used in this study consists of a cylindrical container filled with
ionic fluid and graphene nanoparticles. A schematic of the volumetric solar
receiver is shown in Figure 4.1. The transparent wall receives the incident
Sun light which penetrates vertically and is absorbed by the nanofluid. Due
to the heat generation from the absorbed radiation of the nanoparticles,
the fluid is heated.

The Eulerian-Eulerian two-phase model was adopted to describe the
flow and heat transfer of the nanofluid. The volumetric absorption of light,
the Brownian motion and the magnetic force were included in the model
using the field function tool in Star-CCM+. In this chapter, a detailed
description of the mathematical model is shown.

4.1 Governing equations

This section introduces the governing equations of the mathematical model.
The Eulerian approach was adopted for both continuous and dispersed
phases. The conservation equations were used for each of the phases sep-
arately, with the volume fraction, ϕ, specifying the volume occupied by a
phase, where i = f (base fluid) and i = p (nanoparticles).

The continuity equation is written as:

∂ϕiρi
∂t

+∇(ϕiρivi) = 0, (4.1)

where ρ is the density, ϕ is the volume fraction, t is time and v is the
velocity vector. The equations of the phases are related by the following
constrain for the volume fraction:

∑
i ϕi = 1.

The momentum equation reads:
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Figure 4.1: Schematic of the volumetric solar receiver. The height of collector, H was
varied in the range from 1 to 7.5 cm.

∂(ϕiρivi)

∂t
+∇(ϕiρivivi) = −ϕi∇p+∇(ϕiµivi)+ϕiρig+FD,i+FB,i, (4.2)

where p is the static pressure field, µ is the dynamic viscosity. FD and
FB are the drag force and the Brownian motion contribution, respectively.
They are described later in this chapter.

The energy equation is written as [20]:

∂(ϕiρiei)

∂t
+∇(ϕiρieivi) = ∇(ϕikf∇Ti)− qinterphase,i + qv,i, (4.3)

where e is the specific energy kf is the thermal conductivity coefficient of
the base fluid, T is the temperature, qv is the volumetric heat generation,
and qinterphase is the interphase heat transfer rate.
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4.2 Interphase momentum and energy trans-

fer

The interphase coupling is described by the interphase momentum and
energy transfer. The drag and the Brownian forces describe the interphase
momentum transfer.

4.2.1 Drag force

The drag force acting opposite to the relative motion of the particles with
respect to the surrounding fluid was modelled as follows:

FD,p =
3

4

CD

Cc

ϕpρf
dp
|vr|vr, (4.4)

where Cc is the Cunningham correction factor and vr is the relative slip
velocity between phases. CD is the drag coefficient in each direction, which
was calculated using the expression given by Schiller-Naumann as [25]:

CD =

{
24
Rep

(1 + 0.15Re0.687p ) Rep ≤ 1000

0.44 Rep > 1000,
(4.5)

where Rep stands for particle Reynolds number defined as:

Rep =
ρf |vr|dp
µf

. (4.6)

The Cunningham correction factor to the drag law can be calculated
from:

Cc = 1 +
2λ

dp
(1.257 + 0.4e

1.1dp
2λ ), (4.7)

where λ is the molecular free path:

λ =
µf
p

√
πkBTf

2m
. (4.8)

Here m is mass of the base fluid and kB is the Boltzmann constant.

4.2.2 Brownian motion

For particle sizes smaller than a micron suspended in a fluid, the motion
of the particles is affected by the fast moving molecules of the fluid. This
results in a random motion due to collisions of molecules with the particles.
After a given period of time, the particles subject to Brownian motion will
migrate toward the region with smaller concentration [12].
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An expression for the Brownian motion following the white Gaussian
noise process was developed by Dong et al. [26]. Several investigators have
used it in their research studies of nanofluids [27]. The expression for the
Brownian motion term in the momentum equation reads:

FB,p = nmpξi

√
πS0

∆t
, (4.9)

where n is the number density, mp is the mass of one particle, ξi are zero-
mean, unit-variance-independent Gaussian random numbers and ∆t is the
integration time step. The spectral intensity, S0, is calculated from:

S0 =
216µfkBT

π2ρ2fd
5
p

(
ρp
ρf

)2
Cc

. (4.10)

Here ρp is the density of the particles, ρf is the fluid density, dp is the
diameter of the particles, kB is the Boltzmann constant and Cc is the
Cunningham correction factor.

4.2.3 Interphase heat transfer

The heat transfer between the solid dispersed phase and the fluid continu-
ous phase can be calculated as [25]:

qinterphase,i =
6ϕphint(Ti − Tj)

dp
, (4.11)

where hint is the mean surface average heat transfer coefficient, which can
be calculated as a function of the continuous phase thermal conductivity
kf , the Nusselt number Nup, and the diameter of particles dp [25]:

hint =
kfNup
dp

, (4.12)

where dp is the diameter of the particles and kc is the continuous phase
thermal conductivity. Nup is calculated using the Ranz-Marshall correla-
tion:

Nup = 2 + 0.6Re0.5p Pr0.3. (4.13)

Pr is the Prandtl number defined for as:

Pr =
Cpµf
kf

, (4.14)

where Cp is the thermal conductivity of the continuous phase.
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4.3 Volumetric heat generation

Scattering term becomes negligible for the extremely small particle size
used in nanofluid applications. Therefore, the attenuation of electromag-
netic energy is predominantly due to absorption by the nanoparticles and
is mathematically given by the Beer-Lambert law.

The volumetric heat generation, qv, corresponds in this case to the
energy absorbed by the nanofluid. It is calculated using the Beer-Lambert
law for light absorption, which introduces an exponential heat generation
term in the energy equation [16]:

qv,i = ϕiI0Kie
−(Kf+Kp)y, (4.15)

where y refers to the optical path and its coordinate reference frame is at
the surface which receives the light. I0 is the incoming radiation and Kf

is the extinction coefficient of the base fluid. The extinction coefficient of
the particles, Kp, was calculated as [28]:

Kp = 6
ϕp
dp
. (4.16)
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Chapter 5

Numerical procedure

An effective CFD simulation, which delivers meaningful and reliable results
depends on multiple factors, such as boundary conditions specifications,
mesh quality and time step. This chapter describes the problem descrip-
tion which, together with the governing equations specified in the previous
chapter, will reproduce the simulation model required for the study.

5.1 Geometry

The direct solar absorption collector chosen as the model for the present
simulations corresponds to the one in the paper published by Liu et al. [17].
Due to the experimental data available for validation from the paper, the
same geometry was adopted. It is illustrated in Figure 4.1. The receiver
consists of a cylindrical container isolated in all its surfaces except the top
one, which is an open surface. The cylinder has a diameter of 10 cm, while
the height can be varied. For comparison of the temperature profiles with
the experimental results, two height of collector: 7.5 cm and 3.8 cm were
simulated. An extra model with a height of 1 cm was also considered in
order to investigate the effect of the geometry on the absorption process.

5.2 Boundary conditions

In order to reduce the computational domain and thus, computational time,
symmetry boundary conditions were used in the model. Two symmetry
planes make possible to reduce the model of the real experimental geometry.

With respect to the flow, each of the remaining walls are associated with
the boundary condition known as the no-slip condition. This boundary
condition for viscous flow assumes zero relative velocity between the surface
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Figure 5.1: Illustration of the boundaries for incident light from above (Case 1) and
from below (Case 2).

and the phase immediately at the surface. As none of the surfaces move,
this implies that at the wall, for each phase:

u = v = w = 0. (5.1)

In addition, boundary conditions for temperature of the layer imme-
diately in contact with the wall of the container are needed. Different
boundaries are defined for each of the surfaces.

The wall parallel to the heating surface is assumed to be adiabatic. This
means that there is no heat transfer to the surface. Hence, the temperature
gradient at that wall becomes zero:

∂T

∂y

∣∣∣
adiabatic

= 0. (5.2)

The side of the container was in the experiments [17] insulated using a
low-density foam. Thus the temperature of the wall is not known, but the
instantaneous heat flux is considered to be constant through an axis per-
pendicular to the wall. The temperature at the inner wall is then associated
with the boundary condition:

k
∂T

∂n

∣∣∣
wall

= hv(Tf − Twall), (5.3)

where n is the direction normal to the wall, k is the conductivity of the
insulation material, hv is the heat transfer coefficient corresponding to the
air around the receiver and Twall stands for the temperature at the outer
surface.
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The heat transfer coefficient can be calculated as:

h =
Nukwall
H

; (5.4)

where H is the height of the receiver and Nu is the Nusselt number, which
for a vertical cylinder:

Nu = a(GrPr)b, (5.5)

where a and b are constants dependent on Gr, Grashof number, and Pr,
Prandtl number.

GrPr a b
104 − 109 0.59 0.25
109 − 1012 0.13 0.33

Grashof number is defined as:

Gr =
H3ρfgβf∆T

µ2
f

, (5.6)

where β is the coefficient of thermal expansion, which can be calculated
using the ideal gas assumption as the inverse of the temperature. ∆T is the
absolute value of the difference in temperature between the outer surface
of the cylinder and the ambient temperature.

Assuming the analogous no-slip condition associated with the temper-
ature at the surface, the temperature of the layer immediately in contact
with the surface will equal the temperature at that surface.

At the top surface of the receiver, in addition to conduction and con-
vection, thermal re-radiation was considered, as there was no insulation in
that surface [17]:

k
∂T

∂y

∣∣∣
exposed

= hexposed(Texposed − Tamb) + εσ(T 4
exposed − T 4

amb), (5.7)

where k is the thermal conductivity, htop is the natural convective heat
loss coefficient associated to the air over the receiver, ε is the emissivity
of the receiver, σ is the Stefan-Boltzmann constant, Texposed and Tamb are,
respectively, the temperatures at the exposed surface of the receiver and
ambient.

For the horizontal plate receiver [17], hexposed can be calculated depend-
ing on the Rayleigh number as follows:

hexposed =

{
kf
D

0.54Ra
1
4 Ra ≤ 107

kf
D

0.15Ra
1
3 Ra > 107

, (5.8)
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where D is the diameter of the horizontal plate receiver and Ra is calculated
as:

Ra =
g|(∂ρa

∂T
)p|ρaCpa|T − Tamb|D3

kaµa
, (5.9)

where ρa, Cp,a, ka and µa are the density, specific heat, thermal conductivity
and viscosity of the air around the receiver.

5.3 Thermophysical properties and initial con-

ditions

For the base fluid the variation of the properties with temperature was
considered using the expressions shown in the following.

Thermal conductivity was calcuated using the model:

kf = 0.104 + 2.140 · 10−4T.

Specific heat was found using:

cp,f = 1843.1 + 1.4959T.

Density of the fluid was calculated from:

ρf = 1301.2− 0.586T.

Viscosity was computed from:

µf =


0.19 T < 298

24.687e−0.04T 298 ≤ T ≤ 420

0.02 T > 420

with T in K.
For comparison with the experimental work by Liu et al. [17] the ther-

mophysical properties of graphene listed in Table 5.1 were used in this
thesis. The properties were assumed to be temperature independent. The
particles were assumed as spheres and of uniform size. The volume fraction
was 2.5 ppm (1 ppm = 10e−6). Sensitivity analysis of the properties was
performed to investigate the influence on the collector performance.

The initial conditions included: uniform temperature field 290.2 K, zero
velocity and atmospheric pressure.
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Table 5.1: Properties of graphene nanoparticles

Diameter [nm] 500
Density [kg m−3] 2250.0
Heat capacity [J kg−1 K−1] 707.68
Thermal conductivity [W m−1 K−1] 24

5.4 Mesh

Figure 5.2 illustrates the mesh generated. Hexahedral cells were used for
discretization of the domain. A finer grid was use close to the wall enclosing
the cylinder.

Figure 5.2: Illustration of the mesh with a base size of 5 mm.

A grid independence study was done by varying the base size between
nodes. The results are shown in table 5.2, where the average temperature
of the bulk fluid was used as control variable. A base size of 0.005 was
considered in this research, because reducing the base size to 0.004 would
not lead to more precise results while the computational time would be
much longer.

Table 5.2: Grid-independence study. Results for 7.5 cm height receiver.

Base size Cells Average temperature oC
0.004 7942 19.313
0.005 3840 19.314
0.006 2652 19.321
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5.5 Numerical method

The numerical model was built in the commercial software Star-CCM+.
The discretization of the governing equations in space was done by a finite
volume technique with 3840 hexahedral cells and an implicit advancement
in time with a step of 5 ms. The equations were solved using the SIMPLE
numerical technique. For accelerating the convergence, an under-relaxation
of 0.7 was used for the phase coupled velocity and of 0.3 for pressure.
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Chapter 6

Validation and results

The model was validated against experimental results and studied para-
metrically. In this Chapter, the validation of the model and the influence
of different parameters on the collector performance are shown.

6.1 Validation of the model

Liu et al. [17] developed an experimental set up consisting of a cylindrical
receiver with a solar simulator placed on top. The solar simulator provided
different solar concentrations in the range 1 to 10 sun. Thermocouples were
located along the height of the receiver and spaced 1 cm apart. The geom-
etry that they used for experiments was adopted for the present numerical
study and is described in the previous section. In the theoretical model,
light incided on the top surface as in the experiments. The temperature
was calculated on a vertical line centered in the cylindrical collector. The
temperature profiles were calculated at the same time increments as for the
experimental results. Two models were used for validation: the first one
with height of collector 7.5 cm and graphite concentration 2.5 ppm, and
the second one for 3.8 cm and 5 ppm. In both cases the considered solar
concentration was 2.3 sun. The validation of the computer code is shown in
Figure 6.1 where the experimental results [17] are compared with the CFD
simulations. The continuous lines represents the numerical results from the
model (Mod) and the dots represent the experimental work (Exp) [17].

The highest temperature was found on top of the receiver. At the bot-
tom of the collector, the temperature remained constant even after 1000
s of exposure, leading to a more pronounced temperature gradient with
time. This behaviour was expectable since the light beam attenuates expo-
nentially as it travels trough the nanofluid column according to the Beer-
Lambert law.
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The model predicts the temperature in the receiver with less than 8%
discrepancy. The extinction coefficient was assumed constant over the en-
tire wavelength spectrum, which is the main reason of discrepancies.

Figure 6.1: Nanofluid temperature profile in the axial direction. Simulation results
(Mod) are compared with experiments (Exp) at 100, 300, 500, 700 and 900 s of the
heating process for: H=7.5 cm, ϕp=2.5 ppm (a); and H=3.8 cm, ϕp=5 ppm (b).

6.2 Results

Average temperatures were calculated using volume averaged values. The
thermal efficiency of the solar receiver, defined as the ratio between the
collected thermal energy to the total incident energy [17], was used for
comparison of the cases studied. It reads:

η =
mCp (Tbulk − Tamb)∫ t

0
I0Adt

, (6.1)

where, m and Cp are the mass and heat capacity of the base fluid.

6.2.1 Influence of the extinction coefficient

A comparison between various values of extinction coefficient for the base
fluid is shown in Figure 6.2. As the extinction coefficient increases so does
the maximum heat absorbed at the top of the receiver, while the heat
absorbed below the first 20% of nanofluid column decreases. This is due
to the exponential form of the volumetric heat absorption expression. For
a collector height lower than about 1.5 cm, a larger extinction coefficient
clearly leads to a larger average volumetric heat absorbed. It was enhanced
by 41.5 kW m−3 when increasing the extinction coefficient from 20 to 80

28



m−1. For a higher nanofluid column the average volumetric heat absorbed
was only enhanced by 2.5 kW m−3. The same trend was observed for
the temperature profiles. The temperature gradient was more pronounced
for a higher extinction coefficient. The maximum temperature at the top
of the receiver was found for the highest extinction coefficient, while at
the bottom of the receiver it was found for the lowest value. As a result,
the average temperature after 1000 s of the heating process was slightly
reduced from 27.92 to 27.59◦C when increasing the extinction coefficient of
the continuous phase from 20 to 80 m−1. Accordingly, the efficiency was
enhanced by 2.7% when reducing the extinction coefficient.

Figure 6.2: Heat absorbed by the nanofluid (a) and temperature profiles in the axial
direction (b) for different vales of extinction coefficient of the base fluid.

6.2.2 Influence of the specific heat

The specific heat of the base fluid was modelled as a function of temperature
using a polynomial expression, which was described previously. In addition,
the effect of the specific heat on the heating process was examined in the
range from 1242 to 4000 J kg−1 K−1, assuming it was a constant.

Figure 6.3 shows the temperature profiles and the thermal receiver ef-
ficiency comparisons for various values of the specific heat. ”Polynomial
in T” case when the polynomial expression was used. As the specific heat
increases, the temperature gradient and the temperature at the top surface
of the receiver decrease. Increasing the specific heat from 1243 to 4000 J
kg−1 K−1 led to a reduction of 30.29 K at the top surface of the receiver.
This was expectable since a substance with lower specific heat requires less
energy to raise or lower its temperature. The slight decrease in temperature
at the top surface can be explained by the fact that a mixed conductive
and radiative boundary condition was used at the exposed surface.
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Figure 6.3: Temperature profiles in the axial direction (a) and thermal receiver effi-
ciency (b) for different vales of specific heat of the base fluid after 1000 s of the heating
process.

Figure 6.4: Heat loss per unit area at the wall surface for a specific heat of the base
fluid of 1243 and 4000 J kg−1 K−1 after 1000 s of the heating process.

The heat loss per unit area at the wall surface is illustrated in Figure
6.4 for 4000 and 1243 J kg−1 K−1. For a specific heat value of 1243 J kg−1

K−1 the losses to the surroundings at the side wall did not exceed 0.02 W
m−2, while at the top wall the heat flux was about 1.3 W m−2. Due to
the insulation at the sides of the receiver, the highest losses were found
from the exposed surface because of radiation and convection. The heat
losses gradient tendency was congruent with the temperature gradient in
the axial direction of the receiver, being negligible at the bottom of the
receiver. The lower temperatures for an specific heat value of 4000 J kg−1

K−1 resulted in a maximum heat flux to the surroundings of 0.53 W m−2. In
consequence, as the same heat was absorbed for the different specific heat
values, the thermal receiver efficiency increased as the specific heat was
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increased. The thermal efficiency was enhanced by 10% when the specific
heat was increased from 1243 to 4000 J kg−1 K−1.

6.2.3 Influence of natural convection

In a gravitational field, natural convection occurs due to temperature dif-
ferences, which affect the density, and thus the relative buoyancy of the
fluid. Components with higher density descend, while components with
lower density rise, leading to bulk fluid movement [25].

In this thesis, the influence of natural convection in the collector was
studied by comparison with a case where the bottom surface was exposed
to the Sun radiation. A mixed convective and radiative boundary condi-
tion was used to model the bottom surface. The top surface was assumed
adiabatic.

Figure 6.6 shows the temperature distribution and nanoparticle velocity
vectors in the midline cross-section of the DAC. For the case with incident
light at the top surface, the velocity magnitude was negligible but the
temperature variation along the y-axis was significant. In Figure 6.5, the
temperature profile after 1000 s was compared with a case where there was
no movement in the flow. There was almost no difference in the temper-
ature profiles. Thus, the velocity of the fluid when incident light is at the
top surface is negligible and the heat transfer mechanism is only due to
conduction.

Figure 6.5: Nanofluid temperature profile in the axial direction after 1000 s of light
exposure with and without fluid flow in the receiver.

With the incident light to the bottom surface, convective currents were
found during the simulation, which led to a more uniform temperature
profile. The average bulk temperature was 0.3 K higher for this case.

The temperature profiles of the nanofluid in a midline in the axial di-
rection are shown in Figure 6.7. The temperature difference between the
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Figure 6.6: Temperature distribution and velocity vectors when incident light is at the
bottom (left) and at the top of the receiver (right) after 1000 s of the heating process.

top and bottom surfaces reduced from 39.3 to 3.4 K, so that the losses to
the surroundings were limited.

Figure 6.7: Nanofluid temperature profile in the axial direction after 1000 s of exposure
to incident light to the bottom and to the top of the receiver.

Figure 6.8a illustrates the bulk average temperature increment with
respect to the ambient temperature. The average temperature was 0.86
K higher after 1000 s of exposure when the bottom surface was exposed
to 2.3 sun. The efficiency of the thermal collector evolution with time is
shown in Figure 6.8b. The decrease in thermal receiver efficiency is more
pronounced when incident light is at the top surface after about 200 s. This
can be explained from the fact that after 200 s natural convection was fully
developed. The efficiency was enhanced by 14.5% with respect to the case
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Figure 6.8: Average bulk temperature increment with respect to the ambient temper-
ature (a) and thermal receiver efficiency (b) as a function of time with incident light to
the bottom and to the top of the receiver.

when the incident light was at the top surface after 1000 s of exposure. The
difference is caused by the more uniform temperature profile when heating
from the bottom. When heating from the top, the warmer area is on top
of the receiver, which as mentioned above, is not isolated. This leads to
higher losses.

The stirring of the fluid due to natural convection results in a better
efficiency, as it has been discussed previously. Another way to achieve the
particles motion could be the use of magnetic nanofluids along with a mag-
netic field to attract the particles towards the hot area. Some researchers
have focused their studies on this effect, introducing a concept known as
thermomagnetic convection. This term is associated to the flow in the fluid
induced by the magnetization of magnetic nanofluids. The magnetization
of the magnetic nanoparticles is a function of temperature. Thus, the tem-
perature gradient induces spatial magnetization gradients [29]. This effect
offers the possibility of controlling the fluid flow by applying an external
magnetic field.

6.2.4 Influence of the volumetric absorption

To elucidate the benefits of volumetric absorption in DACs when using
nanofluids, the results were compared to a surface absorption collector.
A volumetric absorption system consists of a transparent cover and a
nanofluid bath below, and the characteristics used for simulation have been
described before. On the other hand, a surface absorption system consists
of a base fluid bath and a solar selective surface. The solar radiation is
converted into heat at the solar selective surface and later transferred to
the working fluid.
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Capturing the sunlight as heat using selective absorbers involves absorb-
ing most of the solar wavelengths under standard atmospheric conditions,
while suppressing infrared re-radiation induced by heating of the selective
absorber. The efficiency of this process relies on the selection of the ap-
propriate combination of materials. For illustration an absorption of 0.8
and an emissivity of 0.12 was adopted in this thesis [30]. The emissivity
determines the losses to the surroundings due to radiation. A heat flux
αI0, where α is the absorption efficiency and I0 is the incident light, was
considered at the exposed boundary condition. A negligible particle con-
centration was assumed and the volumetric absorption term was set to
zero.

Figure 6.9: Temperature profile comparison when considering volumetric or surface
absorption of the incident light (a). Efficiency comparison for surface and volumetric
absorption when radiating from the top or from the bottom surface (b).

Figure 6.9.a shows the volumetric absorption temperature profile com-
parison with the surface absorption for the incident light at the top. The
average temperature for surface absorption was over 3.2◦C lower, while the
maximum temperature was larger, decreasing significantly within the first
2 cm of nanofluid column. As a result, the total heat loss to the surround-
ings was about 1.14 W, while for the nanofluid volumetric absorption the
loss decreases to 0.8 W.

For both cases considered: incident light on top or bottom surface, the
thermal receiver efficiency was enhanced over 20% for the volumetric ab-
sorption receiver as shown in Figure 6.9b. Even though the emissivity of
solar selective surfaces is much lower than for nanofluids [31], the localiza-
tion of high temperatures into the interior of the receiver resulted in lower
radiative losses for the case of volumetric absorption.
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6.2.5 Influence of the collector height

An important model specification is its size. The height of the solar collec-
tor influences the heat absorbed by the nanofluid and its thermo-hydraulic
behaviour. Simulations were performed for different heights of collector,
particularly for: 7.5, 5.0, 3.8 and 1.0 cm. The incident light on the top
surface was 2300 W m−2, particle size was 500 nm and the volume fraction
2.5 ppm.

The volumetric heat absorbed by the nanofluid in W m−3 throughout
the nanofluid column is illustrated in Figure 6.10. Most of the heat is
absorbed within the first 10% of nanofluid column. The lower section does
not absorb any of the incoming light.

Figure 6.10: Volumetric heat absorbed by the nanofluid in W m−3. H=7.5 cm.

Figure 6.11a shows the temperature profiles for receivers of different
heights. As the collector height increases, the temperature gradient along
the vertical axis also increases. This behaviour was expected as, for a
nanofluid column larger than approximately 3.8 cm, the light beam atten-
uates before reaching the bottom (Figure 6.10). For 1 cm collector the
temperature was nearly uniform in the fluid inside the collector. This is
due to relatively short distance the light beam has to go through, without
relatively large attenuation. For 3.8 cm and 5 cm, a slightly increment in
temperature at the bottom was found. As there was no light absorbed at
the bottom of the receiver for 5 cm, the enhancement in temperature at the
lower section was caused by the higher temperature of the nanofluid layers
above. For the 7.5 cm receiver, the temperature at the bottom remained
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constant even after 1000 s of exposure.
The heat loss as a function of height is shown in Figure 6.11b together

with the heat absorbed for the different collector heights considered. For a
larger collector height, the total heat absorbed by the nanofluid was larger.
However, the increment is not pronounced after 3.8 cm because of the atten-
uation of the light beam, as it was mentioned previously. The temperature
of the bulk fluid increased from 27.6 to 62.6◦C when the absorber height
was reduced from 7.5 to 1 cm as shown in Figure 6.11c. Nevertheless, as it
was mentioned previously, the highest losses were found from the exposed
surface because of radiation and convection. Thus, as the maximum tem-
perature was found for the 1 cm collector, the heat flux to the surroundings
was higher for the lowest collector height considered. The relatively low
heat absorbed and the higher losses led to a lower efficiency as it is shown
in Figure 6.11d. The efficiency enhancement was less pronounced for the
nanofluid columns larger than 3.8 cm because of the poor transmitted light
intensity at the lower section of the receiver. This means that having a
higher solar collector for the given specifications will not result in a more
efficient receiver.

6.2.6 Influence of the solar concentration

Several researches have proved that reducing the solar concentration min-
imizes the system cost and offers the possibility of development of a com-
mercially viable product [16]. According to O’Gallagher [32] the maximum
solar concentration achievable by using non-imaging optics or sun-tracking
is approximately 10 sun. The solar constant, which is an average value
measured from satellites, is around 1366 W m−2. Therefore, the solar con-
centration considered in this study was between 1 to 10 sun.

In Figure 6.12a the temperature profiles for different solar concentration
when radiating from the top are shown. The maximum temperature, at the
top section of the receiver, increases with the solar concentration. However,
the temperature at the bottom of the receiver remained constant after 1000
s of exposure even for 10 sun.

The heat absorbed by the nanofluid attenuates as it penetrates along
the receiver. The attenuation decreases exponentially and makes the tem-
perature at the bottom to remain stable for all the cases studied after 1000
seconds of exposure. When light incides at the bottom surface, as shown
in Figure 6.12b, the maximum temperature is found at the bottom as ex-
pected. The temperature gradient at the bottom section is more significant
for a lower solar concentration.

The change in temperature with time is illustrated in Figure 6.13 for a
7.5 cm solar collector when radiating from the bottom. Then enhancement
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Figure 6.11: Temperature profiles (a); heat loss and absorbed (b); average temperature
(c) and efficiency (d) after 1000 s of light exposure for different values of receiver height.

(a) (b)

Figure 6.12: Temperature profiles for varying values of solar concentration for: incident
light to the top after 1000 s of exposure (a), and incident light to the bottom surface
after 600 s of exposure (b).
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Figure 6.13: Temperature change with time for different values of solar concentration
with incident light to the top surface.

in temperature is more pronounced as the solar flux increases.
Figure 6.14 shows the effect of solar concentration on the average tem-

perature enhancement of the receiver. The average temperature of the bulk
fluid increases linearly with the irradiance independently of the height of
the nanofluid columns studied. This corresponds to the experimental re-
sults reported by Chen et al. [24] and previously by Jiang et al. [23] for
gold nanoparticles.

Figure 6.14: Average temperature after 1000 s of incident light to the top surface for
various irradiance values.

For 7.5 cm height collector, the efficiency was slightly lower for higher
irradiance after 1000 s of exposure (see Figure 6.15.b), while the efficiency
when reaching a certain temperature increased with the solar irradiance
(Figure 6.15c). The decrease in efficiency with solar intensity for a given
time was reported previously by Chen et al. [24]. This inversely behaviour
between temperature and efficiency was attributed to limited absorption
capability of the nanofluid under high solar intensities. The increment of
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efficiency with the solar concentration for a given temperature was reported
by Liu et al. [17]. For a higher incident heat flux, the temperature of
the bulk fluid increased linearly and with that the losses through both,
open and insulated surfaces. For a nanofluid height of 1 cm, the average
temperature of the bulk fluid increased from 21.70oC to 200.83oC when
increasing the solar concentration from 1 to 10 sun. For a nanofluid column
of 7.5 cm, the temperature enhancement was lower, reaching 62.79oC for
10 sun. Under a higher solar concentration the temperature enhancement
was larger after 1000 s of exposure, as a result the thermal losses from the
receiver were also larger. Thus, the thermal efficiency of the receiver did
not show a significant increment when rising the solar concentration.

Figure 6.15: Thermal receiver efficiency after 1000 s of exposure to incident light to
the top surface (a). Thermal receiver efficiency for at a given temperature as a function
of the irradiance (b). H = 7.5 cm with T = 27.6oC and H = 1 cm with T = 62.5oC.

6.2.7 Influence of the volume fraction

Volume fraction influence on the heat absorption per unit volume in axial
direction is presented in Figure 6.16a. As volume fraction increases, the
transmitted light intensity into the nanofluid is greater, but it also attenu-
ates faster. Consequently, the absorption capability is limited. For a high
volume fraction all the light will be absorbed by a top thin layer [33]. For a
volume fraction of 100 ppm the volumetric heat absorbed at the top section
was even lower than for 50 ppm. This behaviour is in agreement with the
combined experimental and theoretical work by Hogan et al. [34]. For a
further increase in volume fraction, they reported a back-scattering off the
solution. Figure 6.16b shows the temperature profiles in the axial direction
for volume fraction values varying from 0.625 to 10 ppm. The maximum
temperature on top of the receiver was found for a volume concentration of
10 ppm, which is congruent with the maximum volumetric heat absorbed.
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Figure 6.16: Temperature profiles after 1000 s of the heating process for different
volume fraction of the dispersed phase.

Figure 6.17 shows the average temperature of the bulk fluid and the
thermal receiver efficiency at 1000 s of the heating process for 1 and 7.5
cm height collectors. The average temperature decreases slightly for a
higher concentration of the solid particles for a 7.5 cm height solar collec-
tor. A maximum average temperature was observed for a volume fraction
of around 10-50 ppm for a 1 cm height thermal receiver. This can be ex-
plained from the absorption limitation for large amount of particles, as it
was introduced previously. The reduction of average temperature with vol-
ume fraction was also reported, among others, for Ag@TiO2 nanoparticles
[15].

For 7.5 cm height solar collector the efficiency decreased with the vol-
ume fraction. As it was mentioned, as the volume fraction increases the
light attenuates faster and the temperature gradient increases. The high
temperatures were located at the top nanofluid layer where the thermal en-
ergy is easily transferred to the surroundings. Accordingly, the losses from
the top surface increased with the volume fraction, while the temperature
at the bottom remained constant. Thus, a reduction of the average temper-
ature of the bulk fluid with the volume fraction was found for all the range
studied and, as a consequence, efficiency decreased with volume fraction.
The results present a reduction of approximately 8% on the efficiency when
increasing the volume fraction of graphene nanoparticles from 0.625 ppm
to 10 ppm. For 1 cm height solar collector the efficiency increased with
volume fraction up to 0.005%. The maximum thermal receiver efficiency
was about 67%.

Average temperature and thermal receiver efficiency bar graphs com-
paring the volume fraction effect when incident light is at the bottom or at
the top of the receiver are shown in Figure 6.18. A similar trend was ob-
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Figure 6.17: Average temperature and efficiency after 1000 s of the heating process
with incident light to the top or bottom surface as a function of volume fraction of
particles in ppm.

Figure 6.18: Average temperature and efficiency after 1000 s as a function of volume
fraction of particles in ppm. H=7.5cm, 2.3 sun, incident light at the bottom surface.

served for both cases, although the reduction of average temperature with
the increment in volume fraction was more pronounced with the incident
light at the top surface. For this case, the efficiency was reduced by 37%
when increasing the volume fraction from 1.25 to 100 ppm. For the bottom
surface as the exposed boundary, the reduction was 33%.

Figure 6.19 shows the temperature distribution and the velocity vectors
when light is at the bottom of the receiver for 1.25 and 1000 ppm after 1000
s of the heating process. A maximum velocity of 0.15 cm s−1 was found
for 1.25 ppm, while for 100 ppm the maximum velocity observed was 0.048
cm s−1. This behaviour was also observed by Mirabendin [35] in a CFD
modelling study of natural convection heat trasfer of TiO2-water nanofluid.
He concluded that as the volume fraction increases, the characteristic con-
vection velocity and the temperature decreases.
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Figure 6.19: Temperature distribution and velocity vectors with incident light to the
bottom surface of the receiver for 1.25 and 100 ppm after 1000 s of exposure.

Due to the relatively large time needed to numerically solve the model
until equilibrium is reached, several simulations were performed using the
steady time solver for varying particle concentration. The steady time
solver does not march in time, instead, the solver sets the time depen-
dent terms to zero before it starts running. Thus, the variations of the
parameters and the governing equations with time are not considered.

Figure 6.20a shows the effect of volume fraction of the solid particles on
the average temperature when the equilibrium has been reached. The equi-
librium average temperature of the bulk fluid increases with a decrease in
particle concentration. For a volume fraction of 20 ppm, the average tem-
perature was 63.85 K lower than for a volume fraction of 2.5 ppm. This
phenomenon is in agreement with the transient time simulation results pre-
sented above. The temperature profiles for the same cases are shown in Fig-
ure 6.20.b. At equilibrium, the heat absorbed by the nanofluid must equal
the losses to the surroundings. The total heat absorbed by the nanofluid
decreased insignificantly when increasing the volume fraction from 2.5 to
20 ppm. Thus, the temperature at the top surface was similar for all the
cases considered. However, as shown in Figure 6.16 heat absorption was
limited to a thin area at the top of the receiver. This was reflected in
the temperature profiles. As the volume fraction was reduced, the tem-
perature gradient increased. The heat losses from the side wall were lower
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than at the top surface. In consequence, the temperature profile was nearly
constant at the bottom section.

Figure 6.20: Average temperature (a) and temperature profiles (b) comparing various
values of particles volume fraction in the range from 2.5 to 20 ppm at the equilibrium
state for the stady time solver.

6.2.8 Influence of the particle size

Figure 6.21: Heat absorbed by the nanofluid (a) and temperature profiles (b) in the
axial direction after 1000 s of the heating process.

The particle size was varied from 125 to 1000 nm. Figure 6.21a indicates
the variation in the heat absorbed by the nanofluid as a function of the
diameter of the particles in the axial direction. Contrary to the effect
of the volume fraction, by decreasing the size of the nanoparticles, the
volumetric heat absorbed gradient increases. The temperature profiles in
axial direction, which are illustrated in Figure 6.21b showed a similar trend.
A maximum temperature enhancement of 53.2 K was found at the top
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surface for a volume fraction of 125 ppm, which was reduced to 36 K for a
volume fraction of 1000 ppm. This corresponds to previous research work
of collectors of millimeter [36] or micrometer order [37]. The temperature
at the bottom remained constant during the heating process for the all the
concentration values considered in the study.

Average temperature of the bulk fluid and thermal receiver efficiency for
different particle diameters are illustrated in Figure 6.22. As the particle
diameter increased, the average temperature did not increase considerably,
being that increment smaller as the diameter increases. Higher particle
sizes absorbed less of the incident energy. The bigger particles were also
heavier and deposited at the bottom of the collector, as shown in Figure
6.23. The deeper the particles are found within the nanofluid column, the
less light illumination they will absorb.

Figure 6.22: Thermal receiver efficiency (a) and average temperature (b) after 1000 s
of the heating process as a function of the particles diameter.

The maximum difference in temperature of the phases was found on top
of the receiver being 0.0026oC. The maximum relative velocity between the
phases was 1.1e−6 m s−1. This behaviour corresponds to the results from
Kalteh et al. [20]. They also reported an uniform distribution of the
nanoparticle concentration and concluded that considering the nanofluid
as a homogeneous solution was reasonable. However, in the present study,
a different volume concentration distribution was found specially when ra-
diating from the top and for larger particle sizes. Figure 6.23 depicts the
volume fraction distribution for a particle size of 125 and 1000 nm with in-
cident light to the top and the bottom surfaces. Therefore, it might not be
adequate to consider the dispersed phase in the nanofluid as homogeneous
distributed for this application.

The Brownian source was reduced as the size of the particles increased,
as it was revealed by Habib and Roghayyeh [38] in their numerical study
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Figure 6.23: Volume fraction distribution for particle size of 1 µm (right) and 125 nm
(left) after 1000 s of exposure to incident light to the top and to the bottom surface.

using the Eulerian-Lagrangian approach. For 1000 nm particles the maxi-
mum Bownian force was around 0.3 N while for 250 nm was 4.8 N. As it is
applied to the opposite direction of the concentration gradient, it influences
the distribution of the particles.
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Chapter 7

Conclusions and further work

An Eulerian two-phase model was developed for simulating photothermal
conversion in nanofluids in a DAC. The Brownian motion was included in
the model as interphase momentum exchange. The volumetric absorption
of the Sun light was modeled according to the Beer-Lambert law.

The accuracy of the model was satisfactory. The most important dis-
crepancies appeared due to the fact that the nanofluid extinction coefficient
was assumed independent of the radiation wavelength.

The enhancement in efficiency due to the use of nanofluids was demon-
strated by comparison against a selective surface absorption collector. The
efficiency of the DAC using a nanofluid as the absorber was 20% greater
than for a surface absorber.

The extinction coefficient, the volume fraction and the diameter of
the particles are parameters, which influence the heat absorbed by the
nanofluid. Reducing the extinction coefficient of the base fluid from 80 to
20 m−1 led to an increase of 2.7% in the thermal receiver efficiency. The
radiative and convective losses from the DAC surfaces were increased with
the nanoparticle volume fraction. For 1 cm absorber and incident light
to the top of the receiver, the maximum efficiency (67%) was found at 50
ppm. The enhancement in efficiency when increasing the diameter of the
particles from 125 to 1000 nm was lower than 7%. Deposition of the 1000
nm particles was observed after 1000 s of the heating process with incident
light to the top surface.

As the specific heat decreased, the losses to the surroundings and the
efficiency increased. An efficiency reduction of 43% was observed when the
collector height was reduced from 7.5 to 1.0 cm. A maximum average tem-
perature of the bulk fluid of 200.8◦C was found for a nanofluid column of 1
cm and 10 sun. For a nanofluid height of 7.5 cm the maximum temperature
after 1000 s of exposure was 62.8◦C.

A strong dependency on the size of the nanofluid column and convection
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currents was shown. Comparing the cases with incident light to the bottom
and to the top surface, the efficiency was enhanced by 14.5%. With incident
light to the bottom surface, the maximum velocity of the particles was
observed for 1.25 ppm.

In conclusion, a reliable theoretical model describing the effect of dif-
ferent parameters has been presented. Based on the parametrical analysis
accomplished for graphene nanoparticles dispersed in [HMIM]BF4, the con-
centration of the Sun light should be as large as possible when designing
a DAC. For the rest of the parameters, two different guidelines are recom-
mended whether the purpose is heating or steam generation:

• For heating applications, it is recommended to focus the light towards
the bottom surface in order to reach a higher average temperature and
lower losses to the surroundings. The maximum height should not
exceed 3.8 cm because of the attenuation of the light. A low volume
fraction improves the stirring of the nanofluid and for a nanofluid
column of 1 cm should not be larger than 10 ppm. As the efficiency
and temperature enhancement was not relatively significant when
increasing the particle size, it is advisable to use particles smaller than
500 nm to avoid deposition and other problems in the equipment.

• For steam generation, a design with incident light to the top surface
is proposed so that larger temperatures are confined to the exposed
surface. A lower nanofluid column will assure higher temperatures.
The volume fraction is to be restricted to 50 ppm because of the light
absorption limitation.

Regarding the choice of the base fluid, for heating application a high
specific heat should be considered. For steam generation applications, a
base fluid with extinction coefficient of about 70 m−1 and low specific heat
and its variation with temperature is suggested.

Further investigation might focus on the performance of the model when
including other effects such as the presented below:

• Model of the extinction coefficient as a function of the radiation wave-
length.

• Non-spherical particles.

• Particle size distribution model instead of using a constant size.

• The agglomeration of the particles.

• Account for the viscosity of the nanofluid, which depends on the size
and concentration of the nanoparticles.
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• Effect of magnetic field to attract the particles towards the most
convenient surface.
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Abstract. In this research photothermal energy conversion in nanofluids was numerically studied using a CFD model. A Direct
Absorption Collector (DAC) of cylindrical shape with incident light on one of its surfaces was adopted for the simulations. The
Eulerian two-phase transient model included the volumetric absorption of light, losses to the surroundings and the Brownian
motion. The simulation results were validated with experimental data, demonstrating modest discrepancies. The model was studied
parametrically, altering particle volume fraction, collector height and surface transparency. We found that: the efficiency drops by
43% when the absorber height is reduced from 7.5 to 1.0 cm for 2.5 ppm; the maximum efficiency was 67% at 50 ppm (1 cm
absorber); the efficiency of the DAC with nanofluid is 20% greater than the efficiency for the surface absorber; natural convection
in the collector improves the efficiency by 7%.

INTRODUCTION

The fact that the Sun is a major source of inexhaustible energy makes solar power technologies one of the key solutions
for the increasing demand of energy. However, due to the relatively low efficiency of conventional solar harvesters
(collectors, ponds and photovoltaic cells), use of solar energy is challenging. One of the ways to improve their per-
formance is the use of nanofluids. In the last decades several experimental studies have shown the enhancement of
the thermal performance by adding nano-size particles to the working fluid. Still a better understanding on thermo-
physical properties, thermal and flow behaviour of nanofluids is needed for the development of new more efficient
technologies.

Jian et al. [1] developed a heat transfer model to predict the temperature and efficiency of a DAC and compared the
model with their experimental results. They attributed temperature discrepancies between numerical and experimental
results to convection effects not considered in the model. The most common approach among theoretical studies of
nanofluids has been the single-phase approach, which assumes thermal equilibrium between the phases and neglects
the slip mechanisms between a nano-particle and the host fluid. The results, however, are strongly dependent on the
effective parameters models obtained from experimental work. Mahdavi et al. [2] performed a numerical study of the
hydrodynamic behaviour of nanofluids. They compared the Eulerian mixture model with the Lagrangian model in a
steady-state flow. The first one solves only one momentum and one energy equation, while the last one calculates the
slip velocity and temperature difference between particles and liquid. For the mixture model, a strong dependency
on the empirical properties of nanofluid was reported. The Lagrangian approach, which only requires thermophysical
properties for the base fluid, showed a better agreement with experiments. Nevertheless, a large number of nano-
particles present in the nanofluids, even for a low volume concentration, makes the Lagrangian technique hardly
applicable for a numerical simulation of the nanofluid-supported DAC, due to enormous computational costs. Kalteh
et al. [3] used an Eulerian-Eulerian two-phase model to study the laminar forced convection heat transfer of a nano-
fluid inside an isothermally heated microchannel. They included a virtual mass force and a particle-particle interaction
force in their model. They observed a negligible relative velocity and temperature between the phases and concluded
that the under-estimation of the heat transfer enhancement by single-phase approaches is due to the models for the
nanofluid properties assumed.



In the present contribution, a transient Eulerian-Eulerian model was adopted to study the photo-thermal conver-
sion in a DAC under low solar concentration. The volumetric absorption of incident light and the Brownian motion
models were included. The effects of particle concentration, height of collector and natural convection on the thermal
efficiency were studied.

MODEL

The model presented in the following reproduces the experimental work by Jian et al. [1]: a cylindrical DAC of 10
cm diameter and 7.5 cm height. The Eulerian-Eulerian two-phase model was adopted, which assumes the phases as
continuous fluids coexisting in the domain with the volume fraction, ϕ, specifying the volume occupied by each phase,
i= f (base fluid) and i=p (nanoparticles). The continuity and momentum equations read:

∂(ϕiρi)
∂t

+ ∇(ϕiρiv) = 0 and
∂(ϕiρivi)

∂t
+ ∇(ϕiρivivi) = −ϕi∇p + ∇(ϕiµivi) + ϕiρig + FD,i + FB,i, (1)

where ρ is the density, v is the velocity vector, p is the static pressure field, µ is the dynamic viscosity, g is the gravita-
tional field, and FD is drag force calculated using the Schiller-Naumann correlation and corrected by the Cunningham
factor, Cc [4].

The Brownian motion term in the momentum equation, FB, reads [5]:

FB,i = nmpξ

√√
216νkBT f

πρ f d5
p
( ρp

ρ f

)2Cc∆t
, (2)

where n is the number density, mp is the mass of one particle, ξ is a vector of zero-mean, unit-variance-independent
Gaussian random numbers, ν is the kinematic viscosity of the fluid, kB is the Boltzmann constant, T f is the absolute
temperature of the base fluid, dp is the diameter of the particles and ∆t is the integration time step.

The energy equation is written as:

∂(ϕiρiei)
∂t

+ ∇(ϕiρieivi) = ∇(ϕik f∇Ti) −
6k f Nuϕp

d2
p

(Ti − T j) + qv,i. (3)

Here e is the specific energy, k f is the thermal conductivity of the fluid, Nu is calculated using the Ranz-Marshall
correlation and qv is the volumetric heat generation calculated as: qv,i = ϕiI0Ki exp

(
−

(
K f + Kp

)
y
)
, where I0 = 2300 W

m−2 is the light intensity, y refers to the optical path, K f is the extinction coefficient of the base fluid and Kp = 6ϕp/dp
is the extinction coefficient of the particles [6].

Figure 1a presents the geometry and the boundary conditions. The exposed boundary refers to the surface, which
receives the light. A mixed convective and radiative boundary condition was used to model the exposed surface
prescribed following Jian et al. [1]. The opposite surface was assumed to be adiabatic and at the side surface a
convective boundary was considered. The no-slip boundary condition was assumed for both phases at all the surfaces.
In addition, two symmetry planes were applied to reduce the computational domain to a quarter of cylinder. The initial
conditions included: uniform temperature field 290.15 K, zero velocity and atmospheric pressure.

The thermal efficiency of the solar receiver is defined as a ratio between the collected thermal energy to the total
incident energy [1]: η =

(
mcp(T̄ f − Tamb)

)
/
(∫ t

0 I0Adt
)
.

The numerical model was built in the commercial software Star-CCM+. The discretization of the governing
equations in space was done by a finite volume technique with 3840 hexahedral cells and an implicit advancement in
time with a step of 5 ms. The equations were solved using the SIMPLE numerical technique.

RESULTS AND DISCUSSIONS

Figure 1b shows the comparison of simulations with experiments [1]. The temperature at the bottom of the collector
when the top is exposed to the Sun radiation remained constant even after 1000 s of exposure, leading to a more
pronounced temperature gradient with time. This behaviour was expectable since the light beam attenuates as it travels



FIGURE 1. Mesh and boundary conditions (a). Nanofluid temperature profile in axial direction. Simulation results (Mod) are
compared with experiments (Exp) at 100, 300, 500, 700 and 900 s of the heating process (b). H=7.5 cm, ϕp=2.5 ppm, dp= 500 nm.

FIGURE 2. Temperature distribution and velocity vectors when incident light is at the bottom (left) and at the top of the receiver
(right) after 1000 s of exposure.

through the nanofluid column according to the Beer-Lambert law. The discrepancies with the model were lower than
8% and can be attributed to the assumption of the constant extinction coefficient over the full wavelength spectrum.

Figure 2 shows the temperature distribution and vectors of the nanoparticle velocity in the midline cross-section
of the DAC. For the case with incident light at the top surface, the velocity is negligible and the temperature variation
along the y-axis is significant. With incident light at the bottom surface, convective currents were found during the
simulation, which lead to a more uniform temperature profile. The temperature difference between the top and bottom
surfaces was reduced from 39.3 to 3.4 K, so that the losses to the surroundings were limited.

To elucidate the benefits of the volumetric absorption in DACs when using nanofluids, the results are compared
to a surface absorption collector in Figure 3a. In the latter case, the volumetric heat generation was set to zero and a
heat flux of I0α W m−2 was delivered at the exposed boundary. As a result, the thermal receiver efficiency is enhanced
over 20% for the volumetric absorption receiver for both cases considered: incident light on top or bottom surface.
Even though the emissivity of solar selective surfaces is much lower than for nanofluids [7], the localization of high
temperatures to the interior of the receiver resulted in lower radiative losses in the case of the volumetric absorption.

For a larger collector height, the nanofluid absorbs more of the incident light as shown in Figure 3b, while the
temperature at the surfaces was found to be lower. Due to the insulation at the sides of the receiver, the higher losses
are found from the non-insulated surface because of radiation and convection. Therefore, the thermal efficiency of
the receiver was enhanced for the larger collector height. For 1 cm height solar collector the efficiency increased with
volume fraction up to 0.005%. As volume fraction increases, the transmitted light intensity into the nanofluid is greater,



FIGURE 3. Thermal receiver efficiency comparison at 1000 s for: (a) volumetric and surface absorption, considering a selective
surface with absorption 0.8 and emissivity 0.12 [9]; (b) 7.5 and 1 cm height solar receiver for different particle volume fraction.

but it also attenuates faster. Consequently, the absorption capability is limited. For a high volume fraction all the light
will be absorbed by a top thin layer where the thermal energy is easily transferred to the surroundings [8]. Accordingly,
for a 7.5 cm nanofluid column, the temperature gradient and losses from the top surface will increase with the volume
fraction, while temperature at the bottom remains constant. Thus, a reduction of the average temperature of the bulk
fluid with the volume fraction was found for all the range studied and, as a consequence, efficiency decreases with
volume fraction.

CONCLUSIONS

An Eulerian two-phase model was developed to study nanofluids in a DAC. The enhancement in efficiency due to
the use of nanofluids was demonstrated by comparison against a selective surface absorption collector, 20% enhance-
ment was found. A strong dependency on the size of the nanofluid column and convection currents was shown. The
efficiency decreased by 43% when the collector height was reduced from 7.5 to 1.0 cm. The radiative and convective
losses from the DAC surfaces were increased with the nanoparticle volume fraction. For 1 cm absorber, the maximum
efficiency (67%) was found at 50 ppm. The accuracy of the model was satisfactory. The most important discrepancies
appeared due to the fact that the nanofluid extinction coefficient was assumed independent of the radiation wave-
length. Further research should focus on the performance of the model when taking into account other effects such as
agglomeration, particle size distribution or use of non-spherical particles.
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