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Abstract The addition of nanoparticles to a base fluid is

one of the significant issues to enhance heat transfer. In this

study, different nanofluids were developed by mixing a

water base fluid with magnetic nanoparticles. Thermo-

physical properties such as thermal conductivity and vis-

cosity of the obtained nanofluid were investigated. The

effect of different nominal diameters of nanoparticles and

concentrations of nanoparticles on the thermal conductivity

and viscosity of nanofluids have been examined. Three

different diameters of magnetic nanoparticles (about 37

nm, 71 nm, and 98 nm) have been tested in this experi-

mental investigation. Experimental results indicate that

thermal conductivity increases as volume fraction increa-

ses, and thermal conductivity of the nanofluid increases

with a decrease of nanoparticle’s size. Moreover, the

nanofluid dynamics viscosity ratio increases with an

increase in particle concentration and nanoparticle’s

diameter. This paper identifies several important issues that

should be considered in future work.
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Introduction

Nanofluids are stable suspensions of nanoparticles

(1–100 nm) in base fluids such as water, engine oil, and

ethylene glycol that show many interesting properties, and

significantly enhance the heat transfer characteristics of the

pure fluid. Their distinctive features offer unprecedented

potential for many applications. Nanofluid technology has

emerged as a new heat transfer technique in recent years

and has an amazing advantage over base cooling fluids in

terms of heat transfer removal characterization. Energy

supply, transportation, HVAC, microelectronics, etc., are

some applications which relate to the potential benefits of

nanofluids.

A literature survey reveals that thermophysical properties

of nanofluids depend on various factors such as volume

fraction [1, 2], temperature [3–5], nanoparticle material

[6, 7], nanoparticle size [8–10], effect of particle shape/aspect

ratio [11, 12], pH [7], and nature of base fluid [13–15], etc.

Effective thermal conductivity and viscosity of magnetic

Fe3O4/water nanofluid are reported by Sundar et al. [16].

Their experiment performed in the volume concentration

ranging from 0.0 to 2.0 % and the temperature ranging from

20 to 60 �C. Their result showed that thermal conductivity

and viscosity of the nanofluid were increased with an increase

in the particle volume concentration and viscosity enhance-

ment was greater compared to thermal conductivity

enhancement at same volume concentration and temperature.

In another work, Sundar et al. [17] investigated the effect of

base fluid on thermal conductivity of an ethylene glycol and

water mixture based on magnetic Fe3O4 nanofluid. Their

nanofluids were prepared by dispersing nanoparticles into

different base fluids consisting of various mass fractions of

the ethylene glycol and water mixture. Their results indicated

that thermal conductivity increases with the increase of
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particle concentration and temperature. Moreover, the

maximum increase in thermal conductivity was 46 % at 2.0

vol% of nanoparticles dispersed in 20:80 % ethylene glycol

and water mixture compared to other base fluids.

Wook Oh et al. [18] reported experimental data on the

thermal conductivity enhancement in Al2O3 nanofluids

with DI water and EG as base fluids using the modified 39

method. They showed that for DI water-based nanofluids,

the incremental data of the thermal conductivity agreed

well with those of Wang et al. [19], which show higher

increment compared to the results of Lee et al. [20] and

Das et al. [21]. Moreover, they showed that EG-based

nanofluids had relatively low thermal conductivity values

compared with those of Lee et al. [20] and Wang et al. [19].

Ghasempour et al. [22] studied thermal properties and

rheological behavior of water-based Al2O3 nanofluid in

concentrations ranging from 3 to 50 % in mass and tem-

peratures ranging from 293 to 323 �K. They observed

thermal conductivity and viscosity enhancement are in the

range of 1.1–87 % and 18.1–300 %, respectively. More-

over, their results revealed that thermal conductivity

increases nonlinearly with concentration, but linearly with

increase in temperature.

The study of the effect of particle size, temperature, and

mass fraction on the thermal conductivity ratio of alumina

(Al2O3)/water nanofluids was examined by Teng et al. [23].

Their nanofluids prepared by the direct synthesis method

served as the experimental sample, and nanoparticles, each of

a different nominal diameter (20, 50, and 100 nm), were

dispersed into four different concentrations (0.5, 1.0, 1.5, and

2.0 mass%). They concluded that high thermal conductivity

ratios related to small nanoparticle size and higher tempera-

tures. Low concentrations of COOH-functionalized

DWCNTs/water nanofluid and MgO–water nanofluid were

presented by Hemmat Esfe et al. [24, 25]. They measured

thermal conductivity and viscosity of nanofluids at volume

fractions less than 1 % and found corresponding correlations.

The effect of dispersion method on thermal conductivity

and stability of nanofluid was investigated by Nasiri et al.

[26]. They utilized five different carbon nanotube (CNT)

structures: single-wall CNTs (SWNTs); double-wall CNTs

(DWNTs); few-wall CNTs (FWNTs); and two multiwall

nanotubes (MWNTs). These variations were synthesized to

prepare nanofluids with three different dispersion methods:

functionalization; SDS/ultrasonic probes; and an SDS/

ultrasonic bath. Their results indicated that the best sta-

bility and thermal conductivity are associated with func-

tionalized nanofluids.

Yu et al. [27] performed experimental investigations on

thermal conductivity and the viscosity of aluminum nitride

nanofluid. Their results showed that at a volume fraction of

0.1, thermal conductivity enhancement ratios are 38.71 and

40.2 %, respectively, for ethylene glycol and propylene

glycol as the base fluids. Moreover, they reported that for

\5.0 vol% for Newtonian behavior, and for[5.0 vol% for

obvious shear-thinning behavior, for ethylene glycol and

propylene glycol.

Lee et al. [28] prepared an ethylene–glycol based

nanofluid containing ZnO nanoparticles by a one-step

physical method known as pulsed-wire evaporation. They

concluded that a higher nanoparticle concentration is

beneficial to thermal conductivity, while it has a detri-

mental effect on viscosity. In another work Hemmat Esfe

et al. [29] presented an experimental investigation on the

effect of temperatures and particle volume concentration

on the dynamic viscosity of ZnO–EG nanofluid. The mean

diameter of zinc oxide nanoparticles was 18 nm. They

found that, in general, nanofluid dynamic viscosity

increases considerably with particle volume fraction but

does not significantly decrease with temperature increase.

Their results also showed that Einstein’s formula and some

others originating from classical linear fluid theory seems

to be limited to nanofluids with low particle fractions.

Until now, there has been much research on the char-

acteristics of dispersion and properties of different nano-

fluids, but there is little research on Fe–water nanofluids in

the literature.

Review of the aforementioned articles [1–29] shows that

various parameters are studied in different works. Different

aspects of nanofluid were studied by each experiment and

therefore different results were obtained, each useful. This

study considered the effect of some parameters such as

nanoparticle concentrations and nanoparticles diameter for

(oxide-coated) iron-water nanofluids on the thermal con-

ductivity and dynamic viscosity of Fe/water nanofluids.

The intent is to discover an exact understanding of thermal

conductivity behavior and the role each of these parameters

has on increasing or decreasing thermal conductivity.

Research on the diameter of iron nanoparticles in water and

its effect on thermal conductivity has not been reported in the

literature. Also, according to the information available to the

authors, limited reports on the influence of temperature and

diameter of nanoparticles in nanofluids with metal particles

have been published to date. Much research and experiments

were carried out with iron oxide consisting of measuring

thermal conductivity changes with changes in volume frac-

tion [30–33], temperature [34, 35], and the kind of base fluid

[36]. Therefore, this research is a prior study on the role of

iron nanoparticle size in the base fluid and its interaction with

temperature will be examined.

Preparation of nanofluids

Preparation of nanofluids is the first step in experimental

studies with nanofluids. Nanofluids are not simply liquid–
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solid mixtures. Some special requirements are essential,

such as even and stable suspension, durable suspension,

negligible agglomeration of particles, and no chemical

change in the fluid.

In the current study, (oxide-coated) Fe nanoparticles

were chosen because of their widely known thermal

properties.

The test nanofluids were obtained by dispersing Fe

nanoparticles in DI water as base liquid at ambient con-

ditions. Fe nanoparticles, with sizes of about 37, 71, and

98 nm were prepared. To stabilize the suspension, a spe-

cific type of activator is used to cover the nanoparticles.

The amount of activator is proportional with mass per-

centage of iron nanoparticles and water.

Fe volume concentrations of 0.01 (1.0 %), 0.005

(0.5 %), 0.0025 (0.25 %), 0.00125 (0.125 %), 0.000625

(0.0625 %), and 0.000313 (0.0313 %) were used for the

investigation.

In this work, Fe–water nanofluid was prepared utilizing

a two-step method. In general, there are two fundamental

methods to obtain nanofluids:

(1) Single-step direct evaporation method In this

method, direct evaporation and condensation of the

nanoparticulate materials in the base liquid is

obtained to produce stable nanofluids.

(2) Two-step method In this method, nanoparticles are

obtained by different methods and then are dispersed

into the base liquid.

The two-step method is the most economic method to

produce nanofluids on a large scale, because nanopowder

synthesis techniques have already been scaled to industrial

production levels.

Generally, ultrasonic equipment is used to disperse the

particles and reduce their agglomeration. Sonication is the

act of applying ultrasound energy to agitate particles, for

various purposes. Nanofluids were prepared by dispersing a

specific amount of Fe in DI water using an ultrasonic

vibrator for 120 min to obtain a uniform and stable dis-

persed solution and break down intermolecular interactions

of the nanoparticles. After 16 h, no sedimentation was

observed in any samples of nanofluid.

Thermal conductivity of nanofluid

Thermal conductivity is an important parameter in

enhancing the heat transfer performance of a base fluid.

Since the thermal conductivity of solid metals is higher

than that of fluids, the suspended particles are expected to

increase thermal conductivity and heat transfer perfor-

mance. Many researchers have reported experimental

studies on the thermal conductivity of nanofluids. The

temperature oscillation method [37], the steady-state par-

allel-plate method [38], and transient hot-wire method [39]

have been employed to measure the thermal conductivity

of nanofluids. However, the transient hot-wire method has

been extensively used by many researchers because of high

accuracy and high rapidity. A detailed review on different

techniques for measurement of thermal conductivity of

nanofluids is available in the literature [40].

The thermal conductivity of magnetic nanofluids with

various concentrations was measured using a KD2 Pro

thermal property analyzer (Decagon Devices, Inc., USA).

The experimental setup for measuring thermal conductivity

consists of a KD2- Pro digital recorder, a handheld con-

troller, and a nanofluids container consisting of a handheld

microcontroller and sensor needles. The complete

description of this instrument has been published else-

where. All the measurements were performed at an ambient

temperature. The accuracy of the instrument was checked

by measuring the thermal conductivity of glycerin provided

by suppliers and comparing it with the instrument reading

of standard samples. The accuracy of the device is ±5 %.

The experiments are repeated three times for each case and

the average value is reported.

Thermal conductivity behavior

Experimental studies show that thermal conductivity of

nanofluids depends on many factors such as particle vol-

ume fraction, particle material, particle size, particle shape,

base fluid material, and temperature. Amount and types of

additives and the acidity of the nanofluid were also shown

to be effective in thermal conductivity enhancement. Par-

ticle volume fraction is a parameter investigated in almost

all experimental studies, and the results are usually in

qualitative agreement. Most of the researchers report

increasing thermal conductivity with increasing particle

volume fraction and the relation found is usually linear.

Particle size is another important parameter in the thermal

conductivity of nanofluids.

Figure 1 shows the effect of nanoparticle diameter and

volume fraction of nanoparticles on thermal conductivity

ratio of water-based nanofluid containing iron nanopar-

ticles. The nominal sizes of the nanoparticles were 37,

71, and 98 nm, respectively. It is evident from this figure

that the thermal conductivity of nanofluids increases

with decreasing particle size and increases as volume

fraction increases. This trend is theoretically supported

by two mechanisms of thermal conductivity enhance-

ment: Brownian motion and liquid layering around

nanoparticles.

As a result of experimental findings under the same

concentration conditions, it was concluded that thermal

conductivity increases with decreasing particle size. It
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should be noted that these results are in agree with the

aforementioned studies. Smaller particle size is directly

correlated with greater surface area of solid–liquid inter-

face. It helped to enhance thermal conductivity. Therefore,

particle diameter affected not only the suspension state, but

also thermal conductivity of nanofluids. The relationship

between the relative thermal conductivity enhancement and

the volume fraction is nearly linear and can be reproduced

using models from Hamilton and Crosser [41] and

Yu–Choi [42]. This linear behavior between the thermal

conductivity enhancement and volume concentration can

be attributed to large regions of particle-free liquid with

high thermal resistance created by highly agglomerated

nanoparticles. Our results for Fe nanoparticles (98 nm)

were also compared with the experimental data of Yu–Choi

[42] and Hamilton and Crosser’s model [41].

The results in Fig. 2 have shown that both formulas

proposed by Yu–Choi [42] and Hamilton and Crosser’s

model [41] severely underestimate nanofluid thermal

conductivity, especially for a particle fraction higher

than 0.004.

Proposed model

Figure 3 illustrates the curve fitting of experimental data to

the dynamic viscosity of nanofluid in terms of nanoparticle

diameter and volume fraction. Experimental data were

used to curve fit nanofluid thermal conductivity and

dynamic viscosity as a function of nanoparticle diameter

and volume fraction. A simple equation is proposed to

correlate the relative thermal conductivity (knf

kbf
) as a function

of dp and u:

knf

kbf

¼ 1þ ð0:26876� u0:99288 � d�0:35106
p Þ; R2¼ 0:9988:

ð1Þ

In this model, a nanofluid is considered as a two-phase

fluid and is treated as a solid–liquid mixture. This equation

is based on the assumptions that the thermal conductivity

of the nanofluid is a function of base fluid thermal con-

ductivity, particle concentration, and nanoparticle diameter

and that the nanoparticles can be modeled as rigid spherical

particles. This assumption seems incorrect for system

nanofluids which present specific properties and interac-

tions not yet completely understood. No other study on

relative thermal conductivity (knf

kbf
) of metallic nanofluid as a

function of dp and u has been found.

Dynamic viscosity behavior

Figure 4 shows the results for the dynamics viscosity ratio

(defined as the ratio of nanofluid/water viscosity) obtained for

Fe–water under ambient conditions and particle volume frac-

tions varying from 0.000313 to as high as 0.01. As it is

expected, the nanofluid dynamics viscosity ratio increases with

increasing b particle concentration and nanoparticle diameter.

The results in Fig. 5 have shown that the formula proposed

by Wang et al. [19] overestimated nanofluid viscosity, and the

formula proposed by Einstein [43] severely underestimated

nanofluid viscosity, especially for a particle fraction higher

than 0.004. It appears difficult to draw a conclusive statement

about such a result, which may be due to various factors such

as the methods used for nanofluid preparation as well as the

differences in measurement technique.

Solid volume fraction/%

Th
er
m
al
co
nd
uc
tiv
ity
r a
tio

0 0.002 0.004 0.006 0.008 0.01

1

1.02

1.04

1.06

1.08

d = 37 nm
d = 71 nm
d = 98 nm

p

p

p
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Proposed model

Experimental data were used to curve fit the nanofluid

dynamic viscosity as a function of nanoparticle diameter

and volume fraction as shown in Fig. 6. A simple equation

is proposed to correlate the dynamic viscosity as a function

of dp and u:

lnf

lbf

¼ 1þ ð0:1008� u0:69574 � d0:44708
p Þ; R2 ¼ 0:9709:

ð2Þ
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This model is dedicated to Fe-water nanofluid with specific

solid volume fractions lower 1 %. In this model, a nano-

fluid is considered as a two-phase fluid and is treated as a

solid–liquid mixture. This equation is based on the

assumption that the dynamic viscosity of the nanofluid is a

function of the base fluid dynamic viscosity, particle con-

centration, and nanoparticle diameter. No other studies on

dynamic viscosity of water-based nanofluids containing Fe

nanoparticles as a function of dp and u has been reported.

Conclusions

Many interesting properties of nanofluids have been

reported in past decades. This paper presents an experi-

mental study of Fe–water nanofluids to investigate the

effective thermal conductivities and dynamic viscosity of

water-based nanofluids containing Fe nanoparticles.

Well-dispersed water-based Fe nanofluids were obtained

by dispersing Fe nanoparticles into a base liquid. The

thermal conductivity and dynamic viscosity data have been

obtained for different nominal diameters of nanoparticles

and different concentrations of nanoparticles. It has been

found that generally, thermophysical properties of nanofl-

uids such as viscosity and thermal conductivity depend on

the nominal diameter of nanoparticles and concentrations

of nanoparticles.

We also curve fit nanofluid thermal conductivity and

dynamic viscosity as a function of nanoparticle diameter

and volume fraction. Based on the results, key findings

and conclusions from the present simulation are as

follows:

The thermal conductivity increases as volume fraction

increases and thermal conductivity of the nanofluid

increases with decreasing nanoparticle size.

The nanofluid dynamics viscosity ratio increases with

increasing particle concentration and nanoparticle

diameter.

More comprehensive models need to be developed.

Particle dispersions, clustering, and temperature must be

taken into account in the model development for nanofl-

uids. To reach universal models for thermal properties,

more complete experiments involving a wide range of

nanoparticle sizes would be conducted in the future.
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