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A modified prediction model for viscosity of nanofluids
based on molecular dynamics simulation
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Classical viscosity predicting models for conventional-scale particle suspensions failed to predict viscosities of nanofluids.
Based on molecular dynamics simulation, the present work deliberated on the effects of absorption layer and nanoparticle
agglomeration, and presented a modified predicting model for viscosity of nanofluids. The predicting values of the modified
model for viscosities of nanofluids were well in agreement with experimental results. The diameter of nanoparticle
agglomeration and thickness of absorption layer were found to be important influencing factors for viscosities of nanofluids

that should be considered.
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1. Introduction

The concept of nanofluids refers to the new type of
heat transfer medium which is prepared by dispersing
metallic or non-metallic nanoparticles into traditional heat
transfer fluids such as water, oil, or alcohol [1]. Extensive
concerns have been given to nanofluids for the numerous
advantages that they possess including the significant
increased thermal conductivity, good suspension stability,
and low pressure drop caused, which makes them develop
rapidly [2-5]. Due to the small scale effect of nanoparticles
[6-8], nanofluids exhibit various unique properties that
cannot be explained by classic theories. Before nanofluids
could be used in industrial production applications, a
comprehensive and systematic understanding on the
characteristics of these new fluids should be obtained.

As a heat transfer fluid, the measuring of viscosity
and constructing of viscosity predicting model are
essential for nanofluids. Scholars have conducted
extensive experimental measurements, among which
material of nanoparticles mainly concerns Al,O3[2-4,6,10],
SiO, [11,12], TiO, [13-18], CuO [10,19,20]; base fluids
includes water, ethylene glycol(EG) [17-19], propylene
glycol(PG) [4], and ethanol(Eth) [12]; diameter scope of
nanoparticles is 25nm-200nm; volume concentration range
of nanoparticles is 0.01%-7.1%; and testing temperature
range is 293K-333K. According to literatures reported,
there is slight increase in the viscosity of nanofluids
compared to those of base fluids, and the variation law of
viscosity differs from that of conventional large scale
particles suspensions. Therefore various influencing
factors for viscosities of nanofluids have been discussed,
mainly concerns volume concentration, PH value,

dispersants, nanoparticle agglomeration and spatial
distribution patterns, Brownian motions of nanoparticles,
and the absorption layer of liquid molecules on the surface
of nanoparticles [20-28].

For viscosity of nanofluids, the predicted value by
conventional viscosity predicting model for
conventional-scale particle suspensions is significantly
lower than that of experiments [13, 19, 20], therefore the
predicting model needs to be modified. Yet a fitting
formula according to experiment results is merely suitable
for certain conditions and with lack of physical
significance. The present work deliberated on effects of
the absorption layer and nanoparticle agglomeration, and
presented a modified predicting model for viscosity of
nanofluids.

2. Predicting model for viscosity of nanofluids
2.1 Classical viscosity predicting models

So far, there are a host of semiempirical formulas for
viscosities of binary fluids containing conventional-scale
solid particles. Most of them are on the basis of the
following formula:
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The equation above is the noted Einstein equation for
the viscosity of binary fluids [29], in which p is viscosity
of the mixture, ps is viscosity of base liquid, and ¢ is
volume concentration of particles. Without considering
interactions  between particles when the volume
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concentration is low (¢<0.05), the equation could be
simplified as:

M= (1+2.5¢) (2)

With consideration of interactions between particles,
Batchelor modified Einstein equation as [30]:
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Zuzovsky further refined Einstein equation as [31]:
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According to the study of De Kruif et al. [32],
two-order approximation method is the only difference
between these equations. In fact, predicting results of these
equations are almost the same. But when it comes to
nanofluids, all predicting values of these equations are
with large errors compared to the results of experiment
[20]. It is partly because of these models are based on the
following hypothesis: Interactions between suspended
particles are ignored, the suspension is in the laminar flow,
and viscosity of suspension is the contribution of all
suspended particles for the entire field of shear force.
Therefore, aiming at nanoparticles suspensions, the
viscosity predicting model should be modified.

2.2 Nanoparticle agglomeration described by
fractal theory

Under the combined action of Brownian motion force
and van der Waals force, in the process of random motion,
the suspended nanoparticles in nanofluids would collide
and agglomerate with each other, and nanoparticles would
form into nanoclusters. During the subsequent random
motion, the nanoparticle group would agglomerate with
other nanoparticle or nanoparticle group to form larger
nanoclusters. Results of numerical simulation and
experiments show that, the characteristics of nanoclusters
in nanofluids are complex structure and coexistence of big
and small nanoparticle group [33]. Besides, the
nanocluster massed by nanoparticles is not compact in
structure but presents bifurcation. According to the study
of Wang et al. [20], fractal theory could be used to well
describe the random agglomeration and differentiation
process of nanoparticles in mesoscopic state [34]. The
volume concentration of nanoparticles in an agglomeration
is defined as:

D-3
dC| (5)
d
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where dg is diameter of nanoparticle agglomeration, dy, is

the diameter of single spherical nanoparticle, D is fractal
dimension of the nanoparticle agglomeration.

2.3 Determination of the thickness of absorption
layer

The experimental results of Yu et al. [35] and the
molecular dynamics simulations performed by Xue et al.
[36] showed that liquid molecules close to nanoparticles
would be absorbed to solid surface and the typical
interfacial layer thickness between the solid and liquid
phases is of the order of a few atomic distances. The
absorption layer on surface of nanoparticles would
significantly increase the effective dimension which makes
the effective volume friction of nanoparticles increase.

Based on the electron density profile at the interface,
Hashimoto et al. [37] established a definition of the
absorption layer thickness at the surface of spherical
micro-domains, which is given as

t=+270c (6)

Which o is a parameter characterizing the diffuseness of
the interfacial boundary. Its typical value falls in the range
of 0.3-0.6nm. Thus the thickness of absorption layer is in

the range of 0.75-1.5nm.

In order to determine the thickness of absorption layer,
the present work has performed molecular dynamics
simulations on Cu-Ar nanofluids with different
nanoparticle diameters. The simulation models are set to
be cubic consisting of one Copper nanoparticle with
diameters of 1nm and 4nm in the center and Argon atoms
around making both the volume concentrations are 1%.
Different diameter of nanoparticle is to examine the effect
of naoparticle size for the thickness of absorption layer.
The thickness of absorption layer is determined by
statistical calculation of the density distribution of the
argon form the center of the nanoparticle which is defined
as [38]:

0 AN @
AV

where AN is number of atoms within the volume AV. The
computational domain around a nanoparticle is divided
into many spherical shells and the numbers of atoms
within each spherical shell are accounted to obtain the
number density.

The amount of Copper atoms within the one
nanometer particle is 43 and the total amount of atoms is
1360; for that of 4nm, it is 2850 and 72409, respectively.
All atoms in simulation models are initially in
Face-Center-Cubic (FCC) lattice. Lennard-Jones (LJ)
potential function is used in the molecular dynamics
simulation. The LJ parameters for argon are g,=1.67x10%
J and o,4,=0.3405 nm [39]. For copper, the LJ parameters
are €c,=65.625x10% J and 0©¢,=0.2338 nm [39].
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According to Lorentz-Berthlot mixing law [40], € and ©
between copper and argon are 10.4153x10% J and 0.2872
nm, respectively.

The molecular dynamics simulation is performed on a
4 core parallel computer in NTV ensemble at constant
temperature of 86K and the cut-off ratio is chosen to be
2.50,. Periodic boundary conditions are applied along all
three directions. With each time step length of 2 fs, the
initial simulation system is relaxed for 200 ps and running
for 4000 ps. The results of latter are used for statistical
calculation.

The simulation results of the density distribution of
argon atoms around nanoparticles with diameters of 1nm
and 4nm are shown in Fig. 1 and Fig. 2. Fig. 1 shows the
statistical calculated number density of Ar atoms around

nanoparticle at simulation time of 2000, 3000, and 4000 ps.

It could be found that along the radial direction there exist
four peak values of number density by which the thickness
of absorption layer could be estimated. In Fig. 2 we have
presented a more intuitive picture for the thickness of
absorption layer with different diameters of nanoparticle.
It could be found that with a smaller diameter, the
thickness of absorption layer has not signally changed, but
the number of Ar atoms being absorbed is slightly
increased. In this situation, the thickness of absorption
layer is approximately 1.25nm. When the base fluid is
water or other materials, the value should be revised.
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Fig. 1. Number density of Ar around nanoparticle at
different simulation time.
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Fig. 2. Comparison of thickness of absorption layer
with different diameters.

In fact, according to the studies of Wang et al. [20], the
absorption behaviour in nanoparticles suspension of low
concentration belongs to monolayer adsorption, and the
thickness of absorption layer could be estimated by
Langmuir monolayer adsorption equation:

14M%

b= = ®)
’ NE] PN,

where M, pr, and Naare molecule weight, density of fluid,
and Avogadro constant.
With consideration of the absorption layer, the volume
concentration of nanoparticles in nanofluids is:
3

’ da
gpnp,nf = qonp,nf 1+2d_b (9)

np

2.4 Modified predicting model for viscosity of
nanofluids

According to principle of mass conservation, volume
concentration of the spherical nanoparticle agglomeration
in fluids is defined as [41]:

¢cl,nf = (Dr:p,nf /qonp,cl (10)

On the basis of Einstein equation, considering effects
of nanoparticle agglomeration and absorption layer, the
predicting model for viscosity of nanofluids could be

written as:

d 3

(1+ 2 dab J
N W/ (11)

D-3

d,

According to the study of Jiang et al. the value of D
could be set to 2.64 [42]. The value of dgy is decided by

H= 1+ 2'5¢np,nf
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preparing conditions of nanofluids as physical or chemical
treatment would restrain agglomeration of nanoparticles in
nanofluids. Based on the study of Hong et al., generally
the value of d, could be set in the range of 0.5-2.5um [43].

3. Results and discussion

The modified model is applied to predict viscosities of
CuO-H,0 nanofluids with different volume concentrations
and compared to the results of experiments [20]. With the
average diameter of nanoparticle of 50nm, the value of dgy
is set as 0.5um, and dg, is 2.8nm as Wang et al. calculated.
The predicting values are very close to experimental
results with the maximum error of 2.52%, as shown in Fig.
3. Fig. 4 shows the comparison between prediction and
experimental results for viscosity of Al,Os-H,O with the
present model [44]. It could be found that the predictions
is quite close to experimental results, and the maximum
error is 2.6% when the nanoparticle volume concentration
is 2%. The present model is applied to predict the viscosity
of SiO,-H,O nanofluids at different temperatures, as
shown in Fig. 5. It could be found that the present model
can successfully predict the influence of temperature for
nanofluids. In the predictions the average diameter of
nanoparticles is set to be 40nm and 20nm; the diameter of
cluster is 179nm and 150nm respectively; the fractal
dimension is chosen to be 2.4 and 2 respectively [45]; the
thickness of absorption layer is 1nm.
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Fig. 3. Comparison of viscosity of CuO-H,O nanofluid
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Fig. 5. Prediction of the present model for viscosity of
SiO,-H,0 nanofluids at different temperatures.

Through analysis of the modified model, besides
average diameter and volume concentration of
nanoparticles, both the diameter of nanoparticle
agglomeration d and thickness of absorption layer d,, are
influencing factors for viscosities of nanofluids. With
sufficient physical or chemical treatment, the diameter of
nanoparticles agglomeration would be effectively reduced
and the viscosities of nanofluids would not be significantly
increased according to equation (11). The molecular
dynamics simulation results show that the thickness of
absorption layer is not related to the diameter of
nanoparticle but mainly concerned with attributes of base
fluid. With a decreasing nanoparticle size, the amount of
liquid molecules being absorbed within the absorption
layer is increasing.

4, Conclusions

Based on the classic Einstein equation for viscosity of
binary fluids, the present work has considered effects of
agglomeration of nanoparticles and absorption layer of
liquid molecules to modify the viscosity predicting model.
Fractal theory has been used to describe the phenomenon
of nanoparticle agglomeration in nanofluids. In order to
determine the effect of absorption layer, a molecular
dynamics simulation has been performed to examine the
relationship between thickness of absorption layer and
diameter of nanoparticle. The predicting values of the
modified model for viscosities of various types of
nanofluids are well in agreement with experimental results.
The diameter of nanoparticle agglomeration and thickness
of absorption layer are important influencing factors for
viscosities of nanofluids that should be considered.
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