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ABSTRACT

Due to its renewable and non-polluting nature solar energy is often used in
applications such as electricity generation, thermal heating and chemical processing. The
most cost-effective solar heaters are of the “flat-plate” type, but these suffer from
relatively low efficiency and outlet temperatures. The present study theoretically
investigates the feasibility of using a non-concentrating direct absorption solar collector
(DAC) and compares its performance with that of a typical flat-plate collector. Here a
nanofluid—a mixture of water and aluminum nanoparticles—is used as the absorbing
medium. A two-dimensional heat transfer analysis was developed in which direct
sunlight was incident on a thin flowing film of nanofluid. The effects of absorption and
scattering within the nanofluid were accounted for. In order to evaluate the temperature
profile and intensity distribution within the nanofluid the energy balance equation and
heat transport equation were solved numerically. It was observed that the presence of
nanoparticles increases the absorption of incident radiation by more than 9 times over
that of pure water. According to the results obtained from this study, under similar
operating conditions, the efficiency of a DAC using nanofluid as the working fluid is
found to be up to 10% higher (on an absolute basis) than that of a flat-plate collector.
Generally a DAC using nanofluids as the working fluid performs better than a flat-plate
collector, however much better designed flat-plate collectors might be able to match or

outperform a nanofluids based DAC under certain conditions.



INTRODUCTION

Several types of solar collectors have been used to harness solar energy. The most
common of these are the flat-plate, black-surface absorbers, which absorb solar energy
through a solid surface [1]. However these types of solar collectors exhibit several
shortcomings, such as limitations on incident flux density, relatively high heat losses, and
corrosion effects. In order to overcome the drawbacks of these solid-surface collectors
attempts have been made to use black liquids (such as water soluble dyes) as the
absorbing medium [2]. Such a design enables the solar receiver to withstand much higher
incident fluxes, and thus produce higher outlet temperatures. Recently work was reported
to extend the concept of direct radiative absorption by a conventional fluid to particle-
laden-fluids. Both experimental [3] as well as numerical models [4-6] were presented to
assess the feasibility of such a collector. The advantage of using a particle-laden-fluid is
that due to the presence of the small particles, scattering of incident radiation takes place
which can lead to increased radiative absorption, and hence an enhancement in collector
efficiency. Therefore, in order to properly design a particle-fluid-based solar collector it
is important to develop a basic understanding of the radiative properties of particle-laden
fluids.

The application of nanofluids as a working medium for solar collectors is a
relatively new concept. Due to their small size and physical properties a comprehensive
analysis of radiative heat transfer of nanofluids is inherently complex. In some recent
studies aspects of this complex physics have been addressed [7, 8]. Furthermore, the
addition of nanoparticles to a base fluid has been shown to enhance other physical

properties of the fluid as well, such as thermal conductivity [9-12] and mass



diffusivity [13]. The overall use of nanofluids in various heat transfer applications has
been reviewed in [14].

The objective of this study is to compare the efficiency of a Direct Absorption
Solar Collector (DAC), using a nanofluid as the absorbing medium, to that of a
conventional flat-plate collector. The nanofluid consists of water with aluminum
nanoparticles. As part of this study a two-dimensional heat transfer model was prepared
and solved numerically. The model accounted for the incident sunlight and included the
effects of absorption and scattering by the working medium. The energy balance equation
and heat transport equation were solved numerically in MATLAB. Lastly, the collector
efficiencies were evaluated for various conditions. It was observed that the efficiency of a
nanofluid DAC is a function of various geometrical parameters and operating conditions.
Under comparable operating conditions, the collector efficiency of a nanofluid DAC was
found to be higher than that of a flat-plate type collector using a conventional working

fluid.

NOMENCLATURE

A Area [m?]

Co  Speed of light in vacuum, ¢, = 2.9979 x 10° m/s
Co Specific heat [J kg™* K™

D Mean particle diameter, D =5 x 10° m (= 5 nm)
dx Length of a spatial node, dx = 0.00625 m

dy Thickness of a spatial node, dy = 1.2 um

d Spectral interval, d1 = 0.02 um



fy Particle volume fraction, f, = 0.8%

Gr Incident solar flux on the collector plane, Gr = 1000 W/m?
h Planck constant, h = 6.6256 x 103 Js

heonv  Convective heat transfer coefficient, heony = 6.43 W m? K*
H Thickness of the solar collector, H =1.2 mm

I Intensity [W m™ str* um™]

J Total number of spectral nodes, J = 150

k Thermal conductivity [W m™ K™

ks Boltzmann constant, kg = 1.38 x 102 J/K

K Radiative coefficients [m™]

L Length of the solar collector, L=1m

m Complex refractive index, m =n + ix

m Mass flow rate of the fluid flowing through the solar collector, m= 1.2 kg/s
n Index of refraction

Ny Total number of spatial nodes along the x-direction, Ny = 160
Ny Total number of spatial nodes along the y-direction, Ny, = 1000
q Heat flux [W/m?]

Q Radiative efficiency

T Temperature [°C]

U Fluid velocity, U =1 m/s

w Width of the solar collector, W=1m

X,y  Cartesian coordinates



Greek symbols

a Size parameter (= nD//)
n Collector efficiency [%)]
K Index of absorption

A Wavelength [um]

p Density [kg/m°]

T Transmissivity, 7 =0.9
¢ Solid angle [str]
Subscripts

a Absorption

Amb  Ambient

b Blackbody

C Collector

Conv Convection

e Extinction

in Inlet

out  Outlet

r Radiative

S Scattering

A Spectral



THEORETICAL MODEL

The schematic of the nanofluid-based Direct Absorption Solar Collector (DAC) is
shown in Fig. 1. The fluid is contained within the enclosed space of the DAC. The
bottom wall is considered to be adiabatic, i.e. no heat flux is allowed to pass through it,
except for transmitted radiation. This assumption is based on the case when the bottom
surface is highly insulating and transparent. The fluid is enclosed at the top by a glass
surface which allows most of the incident solar flux to pass through. This top surface is
assumed to be exposed to the ambient atmosphere and thus loses heat by convection. In
order to model the heat transfer characteristics of this surface it is assumed that it loses
heat to the ambient through convection.

The incident radiation is considered to be the incoming solar radiation. For the
study of the principal behavior of the nanofluid-based DAC, atmospheric absorption was
neglected in these calculations. Hence, the incident solar intensity is calculated using the

blackbody relation given by Eq. (1), where the value of T4, is taken as 5800 K:

2
I b (/1’ Tsolar) = 2hCo (1)

Al exp he, -1
ﬂ“kBTsolar

In this equation h is Plank’s constant, kg the Boltzmann constant, ¢, the speed of

light in vacuum, and /1 wavelength. Using this relation the spectral intensity incident upon
the solar collector was evaluated. The radiation intensity within the fluid was assumed to
vary only in one dimension (along the y-direction). Equation (2) is the radiative transport
equation which was used in this model. The right side of the equation determines the

attenuation in the intensity as the radiation travels through the fluid:



ol
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where K, is the spectral absorption coefficient, and K, the spectral scattering coefficient.
Taken together they can also be represented as K., the spectral extinction coefficient.
Since the temperatures in the solar collector are not expected to be very high, the
emission term has not been included in Eq. (2). Also, in order to keep the model simple
the effect of in-scattering has not been considered. As will be described later in Egs. (7),
(7a) and (7b), the scattering efficiency varies as the 4™ power of particle size and the
absorption efficiency varies almost linearly with the particle size, therefore this
simplification is justified for calculations involving nanoscale particles.

For pure fluids, scattering can be neglected and only the attenuation caused by
absorption may be considered. For that case, the spectral absorption coefficient can be
calculated using Eq. (3),

Ak
Kar = 7 3)

where « is the index of absorption. However, for nanofluids, where the presence of small
particles influences the nature of absorption as well as scattering, some complex
relationships need to be used. Since in the present problem the particles have a mean
diameter of about 5 nm, the approximation of Rayleigh scattering [15] can be applied.
This approximation is valid when a << 1 and |m|a << 1, where « is defined as the size

parameter and is given by:

a:7’ (4)



where D is the diameter of the particles, and m (= n + ix) is defined as the normalized
refractive index of the particles:

m

particles

m=

(5)

n fluid
In physical terms, Rayleigh scattering can be understood as the regime in which the
particle size is much smaller than the wavelength of the incident radiation. In general, the

extinction coefficient can be given as:

_31,Q,,(am)

Kei D

, (6)

where f, is the particle volume fraction, and Q,; the extinction efficiency. The extinction

efficiency in the Rayleigh regime is given by the following relation [15]:
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where the extinction efficiency (Q.;) term shown above contains two terms - the
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absorption efficiency (Q,;) and scattering efficiency (Q,;), as shown below:
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By examining Eq. (7b) it is evident that the scattering efficiency (Q,;) varies as the 4"
power of particle size. In addition, it is found that absorption efficiency (Q.,)
predominantly varies almost linearly with particle size. This is true even though there is a
o term inside the imaginary term of Eq. (7a) because a << 1. This a® term does have a

small influence which will become evident in Fig. 4 and will be discussed later in that



section. Further, by substituting Egs. (4) and (7) into Eq. (6), the following expression for

K., is obtained:
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where the extinction coefficient (K.;) term shown above contains two terms - the

absorption coefficient (K,;) and scattering coefficient (Ky,), as shown below:
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Finally, using Egs. (5) and (7) the radiative properties were evaluated, and using Eqg. (2)

87°Df,

Ks, (8b)

the intensity distribution within the solar collector was obtained. Once the intensity
distributions were evaluated, the energy balance on the solar collector was performed and
the temperature profile within it was obtained. In order to carry out these steps some
assumptions were made. The heat transfer model was considered as a steady-state two-

dimensional case. Thus, the following energy balance equation was applied:

0°1 aq OT
g M _ cusl, 9
7 pCp - ( )

where p is the density of the liquid film, c, the specific heat, U the fluid velocity, k the

thermal conductivity, and g, the radiative heat flux defined as:

q, = [[1,dgd2. (92)
Aé

The velocity profile was assumed to be uniform (i.e., slug flow), hence U is independent
of x and y. The boundary condition at the top surface of the collector was considered as

constant convective heat transfer, given by:

10



QConv = hConV A(T _TAmb )’ (10)
while the boundary condition at the bottom was considered as adiabatic. The temperature
of the fluid entering the solar collector was kept constant at a fixed value of T;, = 35°C.

Finally, the collector efficiency was evaluated by using the following relation [16]:

_ Useful Gain _me(ﬁm—ﬁn) (11)
7 Available Energy AG;

where i is the mass flow rate of the fluid flowing through the solar collector, Ti, and Toyt
the mean fluid inlet and outlet temperatures respectively, A the top cover area of the solar

collector, and G+ the solar flux incident on the solar collector.

NUMERICAL MODELING

In order to solve the radiative transport equation (2) and the energy balance
equation (9), a finite difference technique was used. Accordingly, the spectral and spatial
spaces were divided into uniform nodes of finite differences, as shown in Fig. 1. For
example, the collector, which has a thickness, H, of 1.2 mm, was divided into a certain
number of nodes, Ny (= 1000), each having a thickness, dy, of 1.2 um. Along the length
of the collector (L = 1 m), the space was divided into Ny (= 160) nodes, each having a
length, dx, of 0.00625 m. Similarly the spectral space which was considered in solving
the radiative transport equation was divided into uniform bands of 0.02 pum width. One
hundred & fifty (150) such bands were considered in this model, which allowed the
evaluation of the spectral radiative properties from a wavelength starting from near
0 wm up to 3 um. Each of these intervals was chosen such that the iterations consistently

gave convergent and stable solutions. Once the governing equations (2) and (9) were
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discretized using the aforementioned technique, they were solved using the forward
difference implicit method.

In order to apply the boundary conditions the heat flux at the bottom surface was
taken as zero, although for radiative transfer that surface was considered to be
transparent. The top cover (made of glass) was assumed to have a transmissivity (t) of
0.9 [17]. At the top surface the heat loss was considered to be due to convection. The
temperature of ambient air was taken as 25°C with a convective heat transfer coefficient
(heonv) Of 6.43 W m™ K™, This value was chosen to be equal to the overall heat transfer
coefficient value in Ref [17]. Likewise the value of incident solar flux (Gr = 1000 W/m?)
was taken to be equal to the corresponding value in Ref [17] to preserve compatibility
and to provide a fair comparison of the nanofluid based collector results to a flat-plate
collector. The particle size (D) was taken as 5 nm, and the particle volume fraction was
chosen as 0.8%, for the normal operating conditions. The fluid was assumed to be
initially at a uniform temperature (35°C) and assumed to enter the collector at the same
temperature (T;, = 35°C). Table 1 shows the physical properties of water and aluminum
that were used during these calculations. The optical properties of water and aluminum

(such as n, ) were obtained from Ref [18].

RESULTS AND DISCUSSION

This section begins by presenting the basic results obtained from the solar
collector model under normal operating conditions. Later on, the influences of variations
in several operating parameters, such as the particle size, particle volume fraction and

others, on the collector efficiency are discussed. Finally, the collector efficiency results
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for the present model are compared with those of a conventional flat-plate type collector
using pure water as its working fluid.

Figure 2 shows the plot of spectral intensity (I,) as a function of the wavelength,
at various depths (y) within the solar collector. The depth within the solar collector (y)
has been normalized by the total depth (H) of the collector. As can be observed in this
figure, the spectral intensity is the highest at the top (where y/H = 0), and gradually
reduces with depth. Since the nanofluid mixture has selective optical properties, the
radiant intensity is selectively absorbed and scattered. For example, it can be seen from
Fig. 2 that the largest attenuation in intensity takes place in the region of about 0.5 um to
1 um, where a large portion of the incident sunlight energy is present. As was mentioned
previously in these calculations the atmospheric absorption by various constituent gases
has been neglected, hence no sharp troughs are visible in the spectral intensity
distribution, which would have appeared otherwise. Figure 3 shows the temperature
distribution as a function of the depth of the collector (y) and at various distances along
the collector (x). Both these parameters were normalized using the collector depth (H)
and collector length (L), respectively. This plot shows that, as expected, the temperature
of the fluid increases as it flows through the collector. Moreover, the change in
temperature is not uniform. The temperature increase is the highest for the top layers and
decreases with depth. This result is consistent with those presented in Fig. 2, which depict
that the maximum attenuation in the spectral intensity occurs in the top layers, and
decreases along the depth of the collector.

The variation of the collector efficiency, defined in Eg. (11), as a function of the

particle size (D) is presented in Fig. 4. The particle sizes in these calculations were varied
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from 1 nm to 20 nm. The lower limit was chosen based on practical considerations, and
the upper limit was chosen such that the Rayleigh regime approximation for the
scattering calculations remained valid [15]. It was found that, with all other parameters
(such as particle volume fraction, collector height, and collector length) being constant,
the collector efficiency increased slightly with an increase in the particle size, as can be
easily observed from Fig. 4. Under normal operating conditions, with D =5 nm and a
particle volume fraction, f, = 0.8%, the collector efficiency was found to be about 73%.
The increase in collector efficiency with particle size, as observed in Fig. 4, can
be explained as follows. When Eq. (7) is substituted into Eq. (6) and solved for K,
Eqg. (8) is obtained. Furthermore, as explained earlier, K., consists of two terms (K,, and
K1), which are shown in Egs. (8a) and (8b) respectively. These equations clearly show
that scattering coefficient (Ky;) varies as the third power of particle size (D%). Since the
particle size (D) is extremely small in the present calculations, this term becomes
negligible. The absorption coefficient (K,;) on the other hand has a complicated
expression, shown in Eq. (8a). However it can be seen that the expression for K,, has a
fixed part and another part which varies as D It was verified in this study that the
slightly increasing behavior of the curve seen in Fig. 4 is due to the D* term. Just as an
exercise, if the D? term is removed from the expression given in Eq. (8), the collector
efficiency was found to be virtually constant and hence would be represented by a flat
line in Fig. 4. To summarize, since D is extremely small in the present calculations the
fixed term dominates and the term which varies as D* has a very small impact, which is
evident in Fig. 4, and is manifested in the very gradual increase of the curve.

Theoretically, it may be expected that at much higher particle sizes, the second term
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would eventually dominate and the efficiency would perhaps increase much more
rapidly. However, as mentioned previously, above a certain particle size, the Rayleigh
approximation would no longer be applicable and the simplified expression, given by
Egs. (7) — (8), would no longer be valid.

Figure 5 shows the variation in collector efficiency as a function of the particle
volume fraction (f,). The particle volume fraction was varied in the range 0.1% to about
5% in these calculations. As can be observed from this figure, the collector efficiency
increases rapidly with volume fraction and tends to reach a maximum value of around
80% near the upper limit. This trend can be understood as follows. Increasing the
particle volume fraction leads to a corresponding increase in attenuation of sunlight
passing through the collector, and this in turn increases the collector efficiency. Since the
attenuation varies exponentially with the extinction coefficient (and hence also with
volume fraction, according to Eq. (6)), the efficiency initially increases very rapidly (at
low volume fraction), and quickly reaches an asymptotic value (at higher volume
fractions). This result also indicates that adding large amount of nanoparticles will be
advantageous only up to a certain limit, beyond which the increase in efficiency would be
miniscule. For the nanofluid considered here, consisting of water with 5 nm
nanoparticles, that limit is f, ~ 2%.

Another important parameter which affects the performance of a solar collector is
the transmissivity () of the glass cover. Under ideal operating conditions the
transmissivity of the glass cover is a constant (as a function of wavelength) and is easily
determined for a known glass-cover material. However, in actual operating conditions it

is also affected by conditions such as dust accumulation, and wear-and-tear over time. It
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was observed that the collector efficiency increases almost linearly with an increase in
the transmissivity. For example, the collector efficiency was about 55% for a glass-cover
transmissivity of 0.7, and reaches about 74% for a glass-cover transmissivity of 0.9,
which is the value used for most calculations.

The influence of the solar collector height (H) and length (L) on the collector
efficiency are shown in Figs. 6 and 7 respectively. Under the normal operating
conditions, the collector height and length were H = 1.2 mm and L = 1 m respectively.
For these calculations, the collector height was varied from 0.2 mm to about 5 mm. The
collector efficiency increases with collector height, and reaches an asymptotic value of
about 80%. This phenomenon can be explained as follows. Previously, it was shown (in
Fig. 2) that the spectral intensity of the sunlight reduces as it travels through the fluid.
Hence, for a solar collector with a greater depth, the amount of attenuation experienced
by the sunlight will correspondingly be higher. This attenuation is caused because the
solar energy is being absorbed directly by the nanofluid which causes it to heat up.
Therefore any attenuation in sunlight manifests in term of higher fluid temperatures and
hence higher efficiencies. Moreover, the spectral intensity of the sunlight, as governed by
Eg. (2), tends to attenuate in an exponential form, which is eventually manifested as an
asymptotic-type curve in Fig. 6.

The influence of the collector length (L) on efficiency is given in Fig. 7. This plot
shows that the efficiency initially increases with length and then gradually decays. Since
the radiative energy decreases exponentially as the incident radiation passes through the
collector, the topmost layers get heated the most. Simultaneously, heat is conducted to the

underlying fluid layers as well as some heat is lost via convection to the ambient. The
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relative magnitudes of these two modes of heat transfer vary along the length of the
collector. At very small collector lengths the temperatures are relatively low and hence
convective heat loses are not significant. However, as the length is increased, after a
certain point the relatively higher temperatures of the top layers contribute to higher
convective losses, and thus the efficiency tends to gradually decrease with further
increases in length. Although the present results suggest that the influence of the overall
length of the collector on the collector efficiency is relatively small, an optimum collector
length can nevertheless be defined.

Finally, the collector efficiency of the DAC is compared with that of a
conventional flat-plate type collector that uses pure water as its working fluid. These
results are presented in Fig. 8, where the collector efficiency is plotted as a function of
the inlet fluid temperature (Tin), given in normalized form as (Tin — Tamb)/Gr. All the
external operating parameters for these calculations are identical to those for the
conventional flat-plate collector, in order to perform a direct comparison of their
efficiencies. As can be seen in this figure, the collector efficiency of the present model,
under normal operating conditions, can be ~ 10% higher (on an absolute basis) than that
of a typical flat-plate collector, at almost all the operating points (both type of collectors
being under similar conditions). The nanofluid-based DAC’s efficiency is about 20% at
high values of (Tin — Tamp)/Gr, and increases to about 75% at low values of (T, —
Tamb)/Gt. Moreover as demonstrated by the three different nanofluid-based DAC curves,
it is possible to further increase the collector efficiency, with respect to the normal
operating conditions, by manipulating the particle volume fraction (f,) and the height of

the collector (H), while keeping all the other parameters fixed. For example, when the
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height of the collector is doubled from 1.2 mm to 2.4 mm, an absolute gain in efficiency
of about 5% is obtained. Moreover, if the particle volume fraction is doubled as well,
from 0.8% to 1.6%, a corresponding absolute gain in efficiency of about 8% is obtained.
Such increases in efficiency will potentially enable more effective use of solar heating
devices for various purposes — cheaper air heating, water heating, and chemical
processing. Additionally, in applications where high incident fluxes are used (such as
those produced by large heliostat fields), a nanofluid-based Direct Absorption Solar
Collector (DAC) can achieve relatively higher temperatures, compared to a flat-plate type

collector, due to lower heat losses.

CONCLUSION

A Direct Absorption Solar Collector was modeled numerically using a 2-
dimensional heat transfer analysis. A nanofluid—a mixture of water and aluminum
nanoparticles—was used as the working fluid in the solar collector. The influences of
various parameters, such as nanoparticle size and volume fraction, and collector
geometry on the collector efficiency were studied, and finally the performance of this
collector was compared with that of a conventional flat-plate type collector. The collector
efficiency was found to increase with particle volume fraction (f,), glass-cover
transmissivity (z) and the collector height (H). According to the present results, the
particle size (D) and the length of the collector (L) did not significantly influence the
collector efficiency. Finally, the results showed about 10% higher absolute efficiencies
for the nanofluid-based Direct Absorption Solar Collector in comparison with

conventional flat-plate type collectors that use pure water, under similar operating
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conditions. Generally a DAC using nanofluids as the working fluid performs better than a
flat-plate collector, however much better designed flat-plate collectors might be able to

match or outperform a nanofluids based DAC under certain conditions.
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TABLES

Table 1: Physical Properties of Water and Aluminum at 25°C [19].

Water | Aluminum
Density (p) [kg/m°] 997 2700
Specific Heat (cp) [J kg™ K™ 4180 | 900
Thermal Conductivity (k) [W m™ K] 0.607 | 247
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Fig. 1. Schematic of the nanofluid-based Direct Absorption Solar Collector (DAC).

1400 : ‘
——— yH=00
—, 1200 —_—— yH=025 [
€ yH=0.5
NE 1000— [‘ ----- yH=075 |_
S ! \ --------- yH=10
—< 800
2
D
o 600
IS
© i
5 400
@
jo R
)
200
o

0 0.5 1 1.5 2 2.5 3
Wavelength (um)

Fig. 2: Spectral radiant intensity within the solar collector at various depths (D =5 nm, f,

= 0.8%).
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Fig. 3: Temperature distribution within the solar collector (D =5 nm, f, = 0.8%).
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Fig. 4: Collector efficiency (Eq. (11)) as a function of the particle size (D) (f, = 0.8%).
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Fig. 5: Collector efficiency (Eq. (11)) as a function of the particle volume fraction (f,) (D

=5nm).
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Fig. 6: Collector efficiency (Eq. (11)) as a function of the collector height (H) (D =5 nm,

f, = 0.8%).
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Fig. 7: Collector efficiency (Eq. (11)) as a function of the collector length (L) (D =5 nm,

f, = 0.8%).
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Fig. 8: Collector efficiency (Eq. (11)) as a function of the normalized fluid inlet

= s Dala Points obtained from Refs. [16 & 17]
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temperature, (Tin — Tamb)/Gr, at different values of fluid thickness (H) and particle volume

fraction (f,) (D =5 nm). Shown for comparison are results for a conventional flat-plate

collector [16, 17].
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