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ABSTRACT

Nanofluids, a mixture of nanoparticles in base fluids, have drawn keen attention in heat transfer
applications due to their high thermal conductivity. Pertinent parameters, like fluid and the
nanoparticle thermal conductivity, particle size and volume fraction and many others have
shown significant but complex and remarkable effects on thermal performance of nanofluids,
which is commonly characterized by the thermal conductivity enhancement. We have here,
developed a series-resistor model considering various parameters majorly the impact of
nanolayer thickness, size, nanoparticle volume fraction and ratio of particle to fluid thermal
conductivity. Artificial neural network (ANN) technique has also been used to evaluate the ETC
of nanofluids and then the results have been compared with experimental results present in
literature and the results evaluated using ANN technique

Keywords-Effective thermal conductivity, nanolayer thickness, interfacial resistance, effective volume
fraction, artificial neural network technique.

[1] INTRODUCTION

Nanofluid is the new, next exciting frontier in technology. The nanofluid technology is still
in its early phase and various scientists are working now to use nanofluids as a tool to
solve the technological riddles of the modern society. Nanofluids are prepared by
dispersing nano-meter sized particles in heat transfer fluid. They have distinctive properties
like larger surface to volume ratio, properties that depend on dimension, lower Kinetic energy
and greater stability. Nanofluids are more stable than micro-milli fluids. Base fluids behave
more or less like pure fluids in the presence of nanoparticles thereby incurring very
little pressure drop and eliminate the need for surfactants. The most curious property of
nanofluid is that they show remarkable enhancement in thermal conductivity even by the
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addition of very small amount of nanometre sized particles. The excitement credit goes to the
sheer brilliance of the idea and the applications of the technology. Nanofluids have lot of
potential applications in microelectronics, fuel cells and pharmaceutical industry. The
applications of nanofluids are largely due to the enhanced thermal conductivity. Nanofluids
were a result of the experiments intended to increase the thermal conductivity of
liquids. The birth of nanofluids is attributed to the revolutionary idea of adding solid
particles into heat transfer fluid to increase the thermal conductivity. This innovative idea
was first put forth by Maxwell [1] in 1873. Solid particles of micrometre, millimetre
magnitudes were added initially to the base fluids to achieve increase in the thermal
conductivity but posed a range of serious issues like clogging, increase in the pressure drop,
the erosion of pipes and many others. Due to these problems, we couldn't bring about
considerable improvement in the practical applications of heat transfer fluids. Numerous
theoretical studies have been then conducted [2-8] but failed to predict the thermal
conductivity of nanofluid which indicates that some mechanisms have still been missing.Yu
and Choi [9] recently brought about remarkable changes by modifying the Maxwell model
and introducing a nanolayer concept having thickness of a few nanometres existing at the
interface of the particle and the fluid. A formula, then for calculating the effective thermal
conductivity (ETC) has been given which was based on effective medium theory and the
Maxwell model. This model’s predictions have shown that measurable enhancement of the
effective thermal conductivity (ETC) can be expected, when nano-layers are accounted for.

In the present paper, a series-resistor model has been developed considering the concept
of interfacial nanolayer with linear thermal conductivity distribution. It also includes the
effect of nanolayer, nanoparticle size, volume fraction, and thermal conductivity ratio of
particle to fluid. The comparisons then have been done between currently available data and
predicted values.

[2JARTIFICIAL NEURAL NETWORK (ANN)

An artificial neural network (ANN) is a data processing system consisting of a large number
of highly interconnected processing elements i.e. artificial neurons in an architecture inspired
by the structure of the cerebral cortex of the brain. The terminology of artificial neural
networks (ANNSs) has been developed from a biological model of the brain. A neural network
consists of a set of connected cells i.e. the neurons. The neurons get signals from either input
cells or from other neurons and then perform some kind of transformation to the input and
transmit the outcome to other neurons. The neural networks consist of layers of neurons
which are so connected that one layer receives input from the preceding layer of neurons and
passes it to the subsequent layer.

Artificial neural network (ANN) is based on feed-forward back-propagation networks
with different training functions. Feed-forward back-propagation consists of one or more
hidden input layers and an output layer as shown in Fig. 1(a).The signal flows in one
direction along connecting pathways in the feed-forward network, from the input layer via
hidden layers to the final output layer. The output of each layer is independent of each other
so that the output of any layer does not affect that of same or the preceding layer. Back-
propagation algorithm (BP) technique is used for training functions. Levenberg-Marquardt
(TRAINLM) is used to predict the effective thermal conductivity (ETC) of metal
nanoparticles filled in ethylene glycol (EG) and water base-fluids. Back-propagation
algorithm (BP) algorithm gives suitable results for subsequent problems. During training the
network, calculations were performed from one input network towards output and error was
then propagated to prior layers.
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[3]THEORY

Due to the imperfect contact of the solid-solid interface, the interface resistance becomes a
barrier in heat transfer and consequently decrease the overall effective thermal conductivity
(ETC). Many studies have already been done on this effect of a solid-solid interface affecting
the effective thermal conductivity (ETC) of nanofluid [10-14]. This solid-solid contact
resistance phenomenon is not dominant at the solid-liquid interface of particle-in-liquid
suspensions. Moreover, it is expected that the nanolayer effect is responsible for the
enhancement in thermal conductivity of particle-in-liquid suspensions. To include the effect
of the liquid nano-layer, we have here considered a unit cell consisting of a nanoparticle
located at the centre surrounded by the base-liquid interacting with the nanoparticles. The
nanoparticles are assumed to be mono-dispersed, without agglomeration. Thus the present
model considers a nanofluid with low particle concentration, in which inter-particle
interactions are neglected. The nanolayer of thickness h is surrounding the spherical nano
particle. The thermal conductivity of the nanolayer is estimated by coupling the heat transfer
mechanisms of conduction between nanoparticle and surrounding base-fluid. This solid like
nanolayer acts as a thermal bridge between a solid nanoparticle and the fluid. The thermal
conductivity of the nanolayer(k,ayer) is assumed to be smaller than the thermal conductivity of
nanoparticle but greater than that of base-fluid. Hence the overall system is assumed to
consist of a number of small squared elements, each of side L with a spherical nanoparticle
placed at the centre. The heat flow direction is from left into the unit cell as shown in Fig.
1(b).The spherical nanoparticles surrounded by a nanolayer acts as an “equivalent

nanoparticle” with a revive radius (r+h)and an equivalent thermal conductivity (k). The
equivalent thermal conductivity of equivalent nanoparticle using the effective medium theory
[15] which is found to be in good agreement with the experimental data [16] may be given
by:

_la-n+arsrarenl
N ) N (S S R @

Where, 7 =K,

conductivity and o =h/ris the ratio of nanolayer thickness to the original nanoparticle
radius.

The increased volume fraction, now called as equivalent nanoparticle volume fraction is
given as:

Ik, is the ratio of nanolayer thermal conductivity to nanoparticle thermal

o, = 472'(;:; h)3 (2)
@ = A+ S5 3)

The unit cell is further divided into three parts as part 1 part 2 and part3 shown in the Figure
1(b) having the mean conductivity coefficients k,, k, and k, respectively. k,, k, anda,,
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a . are the conductivity coefficients and the cross-sectional areas with q; and qas the heat
quantities through the cross-sectional area of base-fluid and the equivalent nanoparticle

respectively.

Using the Fourier’s law, the heat quantity is expressed as:

dT AT
4= " d/ka (4)

And the thermal resistance (R) is given by:
R=d/ka (5)
Here d represents the element geometry dimension. For parts one and three

k1 =k3 =kf (6)

Considering a thin strip of thickness (dy) for part two in Figure 1(b) the Fourier law gives:

qzqf +qpe=(kfaf +kpeapebT/dy (7)
The mean conductivity coefficients for these parts are given below.

As part one and three are identical, conductivity coefficients may be written as:

k, =kg= [k dy/t =k, 8)
t

And for part two, conductivity coefficient may be written as:

K =2(rj+h)[k A ik ﬁ]dy/z(mh) (9)
2 f a pe a

(o}

k, =k Vi ik Vpe (10)
2 "T2a(r+h) ™ 2a(r+h)

The various thermal resistances are as under:

R,=R, =" @1

And
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Here v, and v are the volumes of base-fluid and equivalent nanoparticle respectively.
Then the total equivalent thermal resistance (R) may be given by:
R=R, + R, + R, a3)

Substituting the values of resistances from equations (11) and (12) into equation (13) for total
equivalent thermal resistance and using the relation between equivalent thermal resistance
and conductivity the expression for effective thermal conductivity (ETC) may be written as:

- - (14)

klf{1_[6jef}+z{kf[;zf{ﬁ;j;j <kpe_kf)}l

[4] Table 1. —Thermal conductivities of various samples with different sizes

eff

Wik

PolymerMatrix/Filler Thermal Conductivity of Polymer Size of filler
Matrix/filler (W/m-K) (nm)
Ethylene Glycol(EG)/Iron(Fe) 0.258/80 5
Ethylene Glycol(EG)/
Y yeol(EG) 0.258/401 5
Copper(Cu)
Water(H20)/
0.604/401 9
Copper(Cu)
Water(H20)/
_ 0.604/429 10
Silver(Ag)

[5] RESULT AND DISCUSSIONS

Using basic physics of heat transport, a series-resistor model has been developed for which a
relevant equation of effective thermal conductivity (ETC) is evaluated. In development of the
model, concept of nanolayer at the interface between nanoparticle and base-fluid is
considered. The nanolayer has continuous thermal conductivity distribution, that is, it has a
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thermal conductivity same to that of nanoparticle at its inner surface. While at the outer
surface, its thermal conductivity equates to that of base-fluid. The assumption is based on the
concept that the nanolayer is an intermediate physical state between a bulk liquid and a solid
nanoparticle [17] and the interaction between the nanoparticle and base-fluid molecules is
continuous. Since, there is no available expression for calculating the thermal conductivity of
this nanolayer on the surface of the nanoparticle, this solid-like nano layer of base-fluid is
expected to have higher thermal conductivity than that of base fluid and therefore it is
assumed ask,,., =2k, . The interfacial nanolayer thickness h may be of the order of few

atomic diameters [18]. For determining the value of h, different values of h is taken for fitting
the experimental results and the best fit of h value is chosen for calculating effective thermal
conductivity (ETC) of nanofluids. Figure 2 shows a representative graph for Al,Os-EG (r =
19.2 nm, Lee et al. [19]) from which the interfacial layer thickness is chosen as 2 nm for
predicting the effective thermal conductivity (ETC) of nanofluids for metal nanoparticles.
The available experimental result for nanofluids filled with metallic nanoparticles is generally
for lower volume fraction. Equation (14) well predicts the effective thermal conductivity
(ETC) for metal nanoparticles filled nanofluids.

The calculation have been done with water (H2.O) and ethylene glycol (EG) base

nanofluids filled with metal nanoparticles like silver (Ag), iron (Fe) and copper (Cu), of
different sizes. The samples used for calculation purpose are shown in Table 1. Since the
filler nanoparticles have higher thermal conductivity than the base fluid, the effective thermal
conductivity (ETC) increases rapidly with volume fraction of the filler nanoparticles as
shown in Figures (2-6). At lower volume fractions, filler nanoparticles are scattered
randomly, but as the volume fraction increases, the filler nanoparticles come in contact with
each other and conductive chains are formed in the direction of heat flow. As a result, the
effective thermal conductivity (ETC) of nanofluids increases. Further a strong cross attraction
between the nanoparticle and base-fluid atoms mediated by the interfacial layer atoms forms
a thermal conduction path and hence the effective thermal conductivity (ETC) is increased
[23]. It may be seen that the size of the nanoparticles also influences the effective thermal
conductivity (ETC) of nanofluid. As heat transfer takes place at the surface of the particle, it
is desirable to use particles with larger surface area. The relatively larger surface areas of
nanoparticles compared to micro-particles, provide significantly improved heat transfer
capabilities. As the size of the filler particles increases, the effective thermal conductivity
(ETC) of nanofluids increases which can be seen from the Figures (2-6).
Artificial neural network (ANN) technique has also been used for calculating effective
thermal conductivity (ETC) of nanofluids using MATLAB R2010bSP1. A comparison of
present model results with the available experimental results and the results by artificial
neural network (ANN) technique have been shown in the Figures (3-6) which validates our
result. The overall deviation from experimental results is less than 2% t05% excepting for the
sample whose experimental results are shown to be non-linear [20, 23]. There the deviation is
within 10%. The deviations from the experimental results may be due to the fact that in the
following mechanism, the agglomeration effects are not considered. It can therefore be
concluded that the major contributions arise from static mechanisms such as the nanoparticle
size, nanoparticle volume fraction, the thickness of the nanolayer and the thermal
conductivities of the equivalent nanoparticle and the base fluid and these are shown to play
important role in the increment of effective thermal conductivity (ETC) of nanofluids.

layer
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Fig.-1: (a) Basic Structure of Artificial Neural Network (ANN) (b) Heat Transfer Series-Resistor Model
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Fig.-2: Comparison of the present model with experimental results for different values of h for Al,O3-EG (r =

19.2nm, Lee et al. [19])
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Fig.-3: Comparison of present model with the Experimental data and ANN technique:

Fe-EG (r =5 nm Hong et al. [20])
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Fig.-4: Comparison of present model with the Experimental data and ANN technique:

Cu-EG (r =5 nm Eastman et al. [21])
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Fig.-5: Comparison of present model with the Experimental data and ANN technique:
Cu-Water (r =9 nm Xuan et al. [22])
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Fig.-6: Comparison of present model with the Experimental data and ANN technique:
Ag-Water (r =10 nm Maddah et al. [23]
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