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Abstract. Knowledge of fluid rheology and flow characteristics is important when studying
nanofluid flow in porous media. In this study, an experimental investigation is presented to
determine the nanofluid viscosity, the permeability and the inertial (non-Darcy) parameter of a
porous cylinder made of several capillary tubes. The applicability of the Darcy-Forchheimer
equation for power-law fluids to estimate pressure drop through the porous material is discussed.
The occurrence of particle losses from the base fluid (deposition) is also verified.

Experiments are completed in two steps. In the first step, physical properties of nanofluids
consisting of deionized water and different volume concentrations of Al,Os; nanoparticles is
measured. In the second step, Al,O3;-deionized water nanofluids are pumped through a porous
cylinder (porosity 0.249) to evaluate hydraulic and intrinsic permeabilities, and the inertial
parameter. The effect of Al,O3; volume fraction on these flow properties is studied, and the void
morphology changes within the porous cylinder via deposition of nanoparticles are analyzed.

Introduction

Trend towards miniaturization and nanotechnology lead to the emergence of nanofluids [1].
Nanofluids are solid suspensions of nanometer-size particles in a base liquid (particles of 100 nm
and smaller, usually with volumetric concentrations less than 10%) and find important applications
in biomedicine, heat transfer, polymers, etc. [2-5].

The strengths of nanofluids have been appraised in the last decades [1-5]. The relatively small
thermal conductivity/diffusivity of conventional fluids limits the heat transfer in important
processes of fundamental importance in many engineering and industrial applications. Nanofluids
have enhanced physical properties such as the viscosity and thermal conductivity/diffusivity
compared with those of base liquids [6] and may constitute a viable alternative.

An important factor to consider in the application of nanofluids is their rheology. Fluid flow
(e.g., pressure drop, pumping power) and convective heat transfer depend on the fluid viscosity and
density. For very small nanoparticle volume fractions, nanofluids seems that can be treated as a
Newtonian fluid [7,8]. Increasing of nanoparticle volume fraction starts a shear-thinning/thickening
behavior, and makes it more and more remarkable. For Al,Os-water and TiO,.water nanofluids
experimental investigations suggest that a remarkable shear-thinning behavior is observed to
emerge at 3-5% and at 10-12% nanoparticles volume fraction, respectively [9]. This shear-thinning
behavior can be approached by a power-law with an exponent less than the unity. In recent years,
numerous studies have been carried out to investigate the influence of particle size and
concentration on thermophysical properties of nanofluids and on their heat and mass transfer
enhancement [6-13].

Nanofluid flow in porous media is gaining a lot of attention because its applications in
geophysics [14,15], pebble-bed nuclear reactors [14,16], catalytic reactors [14,17], food processing
[18], heat exchange (porous structures with high thermal conductivity (metal foam) to substitute
fins [12,14]), etc.. Nanofluid flow and heat transfer in the porous media is studied experimentally,
analytically and numerically (see for example [19-22]). While these and other important studies, to
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the best knowledge of authors, there are very limited studies on the effect of nanoparticles
concentration on permeability and, particularly, on inertia coefficient (non-Darcy regime) of porous
media.

In this study, nanofluids are prepared by dispersion of Al,O3; nanoparticles in water, and their
physics properties (viscosity and density) are measured. Then, nanofluid is forced through a porous
cylinder. The pressure drop through the cylinder is measured over a range of flow rates and Al,Os—
water concentrations. Permeability is obtained by using Darcy's law and the inertia coefficient from
the nonlinear term of Darcy-Forchheimer equation. These results are compared with these obtained
for pure water flowing through the porous cylinder.

Theory

Fluid Flow and Pressure Drop. There is a class of non-Newtonian fluids that the relationship

between shear stress, T, and shear rate, v, is given by ™=My" and their apparent viscosity, p*, can be
expressed by

p=My" (1)

where the fluid behavior index, n, and the consistency index, M, can be determined from
experimental measurements. If n < 1 the fluid exhibits shear-thinning properties (pseudoplastic
behavior) whereas if n > 1 the fluid shows shear-thickening behavior. For n=1 the relation
between the shear stress and shear rate becomes the constitutive equation of Newtonian fluids. As
mentioned, authors [23-26] suggest that nanofluids exhibit a non-Newtonian behavior (n#1).

Darcy flow in porous media occurs if the Reynolds number is small enough so that there is a
linear relationship between fluid velocity and pressure drop [27]. For flow of power-law fluids, we
may write [28]

T

VO=-—u 2
" ()
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®=p,| ——dp (3)
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where u is the superficial velocity, p* is the apparent density, p is the pressure and @ is the driving
potential. Here k is the intrinsic permeability [27-31] and defines the ability of the porous medium
to transmit fluid through it, or the surface area that is open to flow.

Non-Newtonian viscosity changes with the pore velocity, u, (i.e., u, = u/e, where ¢ is the
porosity) and therefore according with the flow driving potential. For a flow of a power-law fluid
the apparent viscosity can be expressed as

k (n-1)/n
- [—wj @

ef

where n is the fluid behavior index.

In spite of great applicability of Darcy law, at sufficiently high Reynolds number, the flow is
well approximated by a nonlinear approach (Darcy-Forchheimer equation). Shenoy [32] presented
theoretical arguments to suggest that the non-linear term of Darcy-Forchheimer equation is not
dependent of power law index n of non-Newtonian fluids. Therefore, the relationship between fluid
velocity and pressure can be expressed as [29]
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where B is a inertial parameter, p is the fluid density, and k/pu* (=K) is the hydraulic permeability.
Permeability and inertial parameter can be calculated from experimental data, plotting the
pressure drop versus velocity data.

Viscosity and Volume Fraction of Nanoparticles. In 1906, Albert Einstein [33] suggested that for
a fluid containing spherical particles in suspension, the relationship between viscosity and the
volume fraction of particles 0 (6<4%) is given by

K —110.250 6)
Ho

Here py is the viscosity of nanofluid and py is the viscosity of the base fluid. Equation (6) was
modified and extended by several authors (see for example [34-39]). Nevertheless, despite the
existence of important models, some studies report that differences may be found between these
models and measured viscosities [40,41]. Empirical correlations are also available in the literature
which could be used to obtain the viscosity of a specific type of nanofluid under a specific range of
volume fractions (see for example [42,43]).

Experiments and Methods

Preparation and Characterization of the Nanofluid. Basically, there are two fundamental
methods to obtain nanofluids namely the so-called single-step method (i.e., dispersion of
nanoparticles is obtained by direct evaporation of metallic nanoparticles and their condensation in a
base liquid) and the two-steps method (i.e., nanoparticles are first obtained and then dispersed into a
liquid) [41,44]. Here, nanofluids are obtained by dispersing alumina nanoparticles in water (i.e., the
two-steps method).

Al O3 nanoparticles of density 3.75 g/em’® and average size of 40 nm (Inframat) are used to
obtain Al,Os-deionized water mixtures of concentrations up to 2.1%. First, nanoparticles are placed
into deionized water at the chosen concentration and then a mechanical and ultrasonic
homogenization (700 W; 20 kHz) is performed for 2 h. In this process, no additive substance such
as surfactant or dispersant are used.

All samples prepared in this manner are stored for 24 h. These samples are stable and no visible
phase separation is observed over this period of time.

The viscosity of Al,O3-deionized water mixtures, for each particular concentration, is determined
with a Brookfield LVDV-III Ultra Rheometer as described by Namburu et al. [45]. Viscosity
measurements are performed just after nanofluid preparation and after storage for 24h. No
significant differences between the two measurements were found.

Nanofluid Flow through a Porous Cylinder. The testing porous material is a solid cylinder
(radius 3.23 cm, length 25 cm) made of polytetrafluoroethylene and containing 90 equally spaced
and identical cylindrical voids (radius 1.70 mm, length 25 cm). The porosity of this porous cylinder
is 0.249.

The experimental setup consists of the test porous material, water pump, flowmeter, pressure
transducer and collecting tank. The schematic diagram of this setup is shown in Figure 1.

The nanofluid (Al,Os- deionized water mixture) is circulated with a pump at different flow rates.
Measurements are performed after a minimum of 15 minutes of continuums flow, to achieve
steady state required to take the reading. The flow rate and the pressure drop across the porous
material are recorded. During the experiments the temperature is kept constant at 25°C (+2°C).
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Figure 1. Schematic representation of the elements constituting the experimental setup to
measure nanofluid flow rate and pressure drop (A4 porous cylinder, B collecting tank, C pump, D
pressure transducer, E by pass regulator, F' flowmeter).

Results

Viscosity and Density of Nanofluids. The measured viscosities and densities of the nanofluids are
presented in Figures 2 and 3 for the operating temperature of 25°C (£2°C) and for all tested volume
fractions.
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Figure 2. The ratio of Al,Os-deionized water mixture viscosity (Hapo3-water) t0 deionized water
Viscosity (Uwater) Versus Al,Os volume fraction: uwater=8.91x10'4 Pa.s; temperature 25°C (+2°C).

As expected, Figures 2 and 3 show that the measured viscosity and density of nanofluids
increases as the nanoparticle volume fraction increases. Regression analysis is used to estimate the
relationship between viscosity or density and nanoparticles volume fraction. For Figures 2, a linear
and an exponential fit of data points provide the same r* value for regressions (r*=0.991). That is

HA03 water =0.996+0.24740 , 1°=0.991 )
uwater

M A3 water =1.007exp(0.20030) , ’=0.991 ®)
uwater

where 0 is the volume fraction of Al,O3 particles.
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Figure 3. The ratio of Al,Os-deionized water mixture density (papnos-water) t0 deionized water
density (pwater) Versus Al,Oz volume fraction: pyaer=997.1 kg/m3 ; temperature 25°C (£2°C).
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Figure 4. Power-law index n versus the volumetric fraction of nanoparticles

In the case of the data presented in Figures 3, the best fit is a line that has a slope of 0.0291, and
intercept of 1.00. Or in other words

Panoswaer 1 00-+0,02916 , 1°=0.997 )

pwater

Notice that Eqgs. 7 and 8 show a good agreement with the correlations available in the literature
for evaluating viscosity. In fact, Eq. 7 agrees very closely with the Einstein's equation for the
nanofluid viscosity (Eq. 6) and Eq. 8 is consistent with the findings of Cheng and Law [38].
Furthermore, our experimental results for the density of nanofluids (Eq. 8) are also in agreement
with the theoretical prediction of mixing theory [9] (i.e., p#/po =1+[(ps-po)/po]0 where pr is the
density of nanofluid, py is the density of the base fluid, and py is the density of the solid particles).

The power law index n specifies the extent of the non-Newtonian behavior and can be obtained
from the measurement of the variation of the viscosity with the shear rate. The results are depicted
in Figure 4. This figure shows that a rise of nanofluid volume fraction results in a diminution of
index n. In addition, Al,O3 nanofluid exhibits a slight shear thinning behavior that becomes more
significant with increasing volumetric fraction of nanoparticles. These results agree with the
findings of [23-26].

In summary, Einstein equation (or Cheng and Law exponential approach [38]) and mixing theory
correlation can predict the viscosity and the density of Al,Os-deionized water mixtures,
respectively, within the range of nanoparticles volume fractions in this study. Al,Os-deionized
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water mixtures show a slight shear thinning behavior which is more pronounced for higher
nanoparticles concentrations.

Permeability and Inertial Parameter. Figure 5 reports the measured pressure drop with varying
flow rate for all nanofluid volume fractions studied here. These results show that, for a constant
volumetric flow rate, the pressure drop increases with increasing nanofluid volume fraction, and the
base fluid (deionized water) presents the lowest pressure drop.

The experimental data in Figure 5 reveals that can be adequately fitted by an equation of
the type Ap=aQn+bQ2, where Q is the nanofluid flow rate, and a and b are fitting coefficients.
Regression coefficients and relevant statistics generated from best-fit experimental data sets are
displayed in Table 1.
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Figure 5. The pressure drop versus the nanofluid flow rate (volume fractions of Al,O3: ® 0%, O
0.1%:; A 0.4%, AN0.7% 1.1%; ¢ 1.5%; ™2.1%).

The results shown in Table 1 allows us to obtain K, k and B. Figure 6 shows the hydraulic
permeability K for different nanoparticle volume fractions. Linear and exponential regression
analysis to fit this data leads to

Roporr ) 9865.0,17200 ,’=0.976 (10)
KAIE‘ONj-water =0.995exp(-0.2070) 1°=0.988 (1)

For the hydraulic permeability, contrary to previous results on viscosity (Eqs. 7 and 8), the
exponential variation with 0 provides a slight better correlation than the linear correlation. In both
cases it is clear that, apart from the properties of porous structure, the hydraulic permeability
depends on the properties of the permeant fluid [31,46,47].
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Table 1. Polynomial coefficients a and b obtained from fitting experimental data, at various
nanoparticle volume fractions

0 (%) a (Pa.s/m’) b (Pa.s*/m®) r’
0.0 616.6 800.6 0.989
0.1 629.2 805.9 0.991
0.4 671.1 809.1 0.989
0.7 733.5 820.2 0.980
1.1 797.2 838.3 0.985
1.5 865.4 845.2 0.990
2.1 941.0 853.6 0.992
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Figure 6. The ratio of hydraulic permeability for Al,O;-deionized water flows (Kapos-water) tO
hydraulic permeability for deionized water flows (Kyawer) versus Al,O; volume fraction:
Kyaer=1.62x107 m*/Pa s.

The intrinsic permeability and the inertial parameter are depicted in Figures 7 and 8 for all tested
volume fractions of Al,O3.These plots reveal that k and 3 are not dependent on the concentration of
Al,O3 nanoparticles. Many studies have shown that the occurrence of deposition (and adhesion on
surfaces and on previous deposited particles) affects the morphology of the void space and increases
the resistance to fluid flow [48-50]. Therefore, Figures 7 and 8 are consistent with the fact that the
void space through which the nanofluid is moving maintains its original structure. This reveals that
the deposition of Al,O3 nanoparticles within the porous structure is absent or negligible.

Another important finding is that our results confirm those reported by Shenoy [32], based on
theory, that the non-linear term of Darcy-Forchheimer is not dependent of power law index n of
non-Newtonian fluids.
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Figure 7. The ratio of intrinsic permeability for Al,O3;-deionized water flows (kapos-water) tO
intrinsic permeability for deionized water flows (kyaer) versus Al,O; volume fraction:
Kyaer=3.61x107 m?.
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Figure 8. The ratio of inertial parameter for Al,O3-deionized water flows (kapno3-water) to inertial
parameter for deionized water flows (Kyater) versus Al,Os; volume fraction: Byater=1 93x107.

In summary, the applicability of Darcy-Forchheimer’s equation, and good predictions with it,
requires not only an accurate description of both intrinsic permeability and inertial parameter but
also a precise description of the physical properties of the permeant nanofluid.

Conclusion

In this study, water-based nanofluids are made by dispersing Al,O; nanoparticles at different
concentrations. The resulting nanofluid is then pumped into a porous cylinder at different flow
rates. The results show that the viscosity and density of nanofluids increases with the volume
fraction of Al,O3 nanoparticles. In the range of nanoparticle volume fractions investigated in this
study, viscosity and density can be well predicted by the Einstein equation (or by an exponential
relationship with the nanoparticles volume fraction) and by the mixing theory correlation,
respectively.

The analysis performed for nanofluid flow through the porous cylinder shows that the
experimental data closely match the Darcy-Forchheimer equation for power-law fluids. Our results
also confirm the theoretical findings of Shenoy [32] that the non-linear term of Darcy-Forchheimer
is not dependent of power law index n of non-Newtonian fluids.

As expected, the hydraulic permeability increases with increasing of nanoparticle volume
fraction. The intrinsic permeability and the inertial parameter are independent of the volume
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fraction of Al,O3; nanoparticles. This suggests that the void morphology, within the porous cylinder,
is not affected during nanofluid flow in this study. These results lead to the conclusion that particles
deposition and adhesion on surfaces is absent, or its effect is not significant to alter the voids
geometry through which the fluid is moving.
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