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Abstract

The experiment investigation of turbulent forced convection of nanofluids with SiO; and Al,O3
nanoparticles was carried out. Nanoparticle concentration varied in the range from 0.5 to
2 vol. % in the experiments. The nanoparticle size ranged from 10 to 100 nm. The dependence of
heat transfer coefficient and pressure drop from the concentration, size, material of the
nanoparticles and temperature was studied. It was shown that adding nanoparticles to the
coolant significantly influences the heat transfer coefficient in the turbulent flow regime. It is
shown that with increasing nanoparticles concentration, the local and average heat transfer
coefficients at a fixed Reynolds number increase. Decrease in heat transfer coefficient with
increasing particles concentration may take place at a fixed flow rate. It is shown that, the heat
transfer coefficient of the nanofluid in turbulent regime increases with increasing nanoparticles
size at a fixed flow rate, while has a certain maximum at a fixed Reynolds number. The effect of
nanoparticles material on the heat transfer coefficient and pressure loss has been also
demonstrated. It is found that the inlet temperature is another factor having a significant effect

on turbulent heat transfer performance of nanofluids.
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Nomenclature

Nu —is the Nusselt number;

a — is the average heat-transfer coefficient;
G — mass flow rate;

C, — is the specific heat of the fluid;

S —is the area of the lateral surface of the channel;
T, .., T., —are fluid temperatures at the channel inlet and outlet;

out? in
T —is the average fluid temperature;
T, — is the arithmetic mean of the channel wall temperature, obtained by averaging of the values
of six thermocouples;
Pr —is the Prandtl number;
Re —is the Reynolds number;
A —are fluid thermal conductivity coefficient;
u — are fluid viscosity coefficient;

U —is the superficial velocity;

d — is the tube diameter;

L — is the test section length;

AP —is the measured pressure drop;

& — is the friction factor;

un — are nanofluid viscosity coefficient;

L — are water viscosity coefficient;

An — are nanofluid thermal conductivity coefficient;
A\ — are water thermal conductivity coefficient;
Ap - are particles thermal conductivity coefficient;
¢ — volume concentration of particles.

Introduction

The enhancement of convective heat transfer and the related experimental and theoretical
research become at present an independent, important and rapidly developing field of heat
transfer theory. High heat flux removal is a major consideration in the design of many machines,
equipment and technologies, and can be accomplished using various kinds of heat transfer
equipment. The urgency of this problem is determined by driving to enhance the performance of
heat exchange devices, reduce energy costs and achieve maximum compactness with minimum
material consumption. One of the solutions to the problem of heat transfer performance
enhancement could be the use of so called nanofluids, which are fluids containing nanoparticles
of various composition. The first experiments have shown that even very small additions of
nanoparticles to the fluid (a fraction of volume concentration) may lead to increase in thermal
conductivity and heat transfer of the nanofluid by tens of percent, whereas the critical heat flux
may be increased several times ([1-5]). Over the last two decades, a great number of works have

been emerged in this area. Most of them were focused on the study of thermal conductivity and



viscosity of nanofluids. Actually, the study of heat transfer was performed in a relatively few
research works, and the results presented are extremely controversial (see the review [5]). Most
works reveal an increase in heat transfer when using nanoparticles. The increase in heat transfer
coefficient in nanofluids as compared to base fluids can range from a few percent to 350% for
carbon nanotubes. However, there are publications showing the deterioration of heat transfer
when adding nanoparticles. Most of these works are dealt with the study of convection of
nanofluids in laminar flow regime [6-9]. Turbulent convection is explored to a substantially
lesser degree.

The first work, in which the turbulent heat transfer of nanofluids was studied, is apparently
the work of Pak and Cho [10]. They experimentally studied the turbulent heat transfer in water-
based nanofluids, containing Al>O3 and TiO> nanoparticles, and flowing in a horizontal circular
pipe with a constant wall heat flux. The results have shown that the Nusselt number in nanofluids
increases with increasing both bulk concentration of the particles and the Reynolds number.
However, in the same paper [10] it has been revealed also that at high concentrations of
nanoparticles the heat transfer coefficient may be lower than that in pure water (by 12% in a
nanofluid with particles concentration of 3%).

Convective heat transfer in turbulent flow regime of nanofluids containing copper
nanoparticles was experimentally investigated in the subsequent work [11]. The experimental
results have shown that adding nanoparticles to the base fluid significantly improved the heat
transfer efficiency of base fluid (by 60% in a nanofluid with particles concentration of 2%),
while the friction factor remained almost the same as for water.

In [12] the efficiency of heat transfer in water-based nanofluids containing titanium oxide
nanoparticles was investigated in laminar and turbulent flow regimes in vertical tube under
constant wall heat flux boundary condition. The results have shown that the heat transfer
coefficient definitely increases with increase of nanoparticles concentration in both laminar and
turbulent regimes at a fixed Reynolds number. The maximum intensification of heat transfer
coefficient, recorded in the experiment, was 40% for 1.1% nanofluid. In this case, the pressure
drop in nanofluids, when flowing in the channel, was very close to that in pure fluid. In addition,
the authors investigated the effect of particles size, though no effect of size on the heat transfer
coefficient was detected, possibly, because the particles were large enough (95-210 nm).

Duangthongsuk and Wongwises [13] experimentally studied turbulent heat transfer and
pressure drop in water-based nanofluids with TiO> particles. And again the results were
extremely controversial. They revealed a 32% enhancement in thermal performance at particles
concentration of 1%, and 14% reduction in the heat transfer coefficient at particles concentration
of 2% as compared with the pure fluid.



Fotukian and Nasr Esfahany [14] studied turbulent convective heat transfer in nanofluids
with a very low concentration of Al.O3 nanoparticles in water flowing in a circular pipe. They
recorded a clear increase in heat transfer coefficient and pressure drop with increasing
concentration of particles. The maximum increase of heat transfer coefficient equal to 48% was
reached at negligibly small volume concentration of the nanoparticles (0.054%). In a subsequent
paper [15] the same authors studied turbulent heat transfer of water-based nanofluids containing
CuO nanoparticles in a circular pipe. They achieved a 25% increase in the heat transfer
coefficient and a 20% increase in pressure drop at a concentration of nanoparticles equal to
0.24%, as compared to pure water. Besides, they revealed that the heat transfer coefficient was
almost independent of the concentration of nanoparticles within the observed range of volume
percent change from 0.039 to 0.24.

Nguyen et al. [16] experimentally investigated the heat transfer coefficient in the liquid
cooling system of microprocessors using water-based nanofluid containing nanoparticles of
Al>,O3 at a turbulent flow regime. They found that nanofluid significantly increases the heat
transfer coefficient as compared to base fluid (by 40% at particles concentration of 6.8%).
Besides, they investigated the effect of particle size on turbulent heat transfer. The authors
revealed that the nanofluid containing particles of 36 nm in size provided a higher heat transfer
coefficient as compared to the nanofluid with particles size of 47 nm.

Extensive experimental studies of turbulent convective heat transfer in the annular channel
for several water-based nanofluids containing Al.Oz, SiO2, and MgO particles was carried out in
[17]. The authors revealed considerable increase in heat transfer coefficient with increasing
particles concentration (by 46% in a 4% nanofluid containing particles of SiO2), and argued that
in general the heat transfer coefficient increased with decreasing particle size. However, the
authors used in their study particles of substantially different shapes (cylinders with sizes of 28-
110 nm and spheres with diameter of 6.5 nm). Thus, such a comparison seems incorrect.

Heat transfer in nanofluid based on the mixture of water and ethylene glycol with particles
of silicon carbide was experimentally investigated in [18]. The particle size ranged from 16 to
90 nm. It was shown that with increasing particle size at other conditions being equal the heat
transfer coefficient increased significantly.

In addition, it should be noted that there are a huge number of computational studies of
turbulent heat transfer in nanofluids. Though, in our view, these studies are not self-containing
because they require experimental data on transport coefficients. Therefore, analyzing these
works, which are characterized by the inconsistency of the experimental data, apparently does

not make much sense.



Thus, the analysis of the literature shows that in the available works there is neither
guantitative nor qualitative consensus in terms of turbulent heat transfer performance of
nanofluids. In the meantime, almost all scientists note that the effect of nanoparticles on the heat
transfer in the turbulent flow regime is much more complicated than that in laminar flow regime.
This circumstance requires additional systematic experimental study of turbulent heat transfer of
nanofluids.

1. Description of the experimental setup

The diagram of the installation to study the heat transfer coefficient is shown in Fig 1. The
installation is a closed loop with a circulating coolant [7-9]. The working fluid is pumped
through the heated test section to the heat exchanger, where heat is removed by the thermostat.
The flow rate of the working fluid in the loop is controlled by controlling the pump power by

means of laboratory transformer. Power input to the pump is measured through Omix meter.
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Fig.1. A schematic diagram of the measuring system.

The heated test section is a stainless steel tube 6 mm in diameter, 1m long with wall
thickness of 0.5 mm. The tube was heated by supplying electric current directly to its wall.
This heating technique allows obtaining a constant wall heat flux boundary condition. In
addition, this heating technique is universal and easily applicable to tubes of any cross section.
The tube is insulated by multi-layer insulation. The heating power is controlled by a
transformer. Six chromel-copel thermocouples fixed on the tube wall at the equal distance
from each other were used to measure the local temperature of the tube. Temperature
measurements were carried out by TPM-200 meters. In addition, the temperatures at the inlet
and outlet of the heated test section were measured using thermocouples. At that, the
thermocouple designed to measure the fluid temperature at the outlet of the loop was located at
a considerable distance from the end of the heated test section to ensure uniformity of the fluid

temperature in the metering point. To determine the temperature of the liquid at the outlet the



liquid must be very good to mix. To do this, at the exit of the heated channel equipped with a
special mixer. The mixer is a cylindrical chamber with a diameter 3 cm and 5 cm in length,
filled with polypropylene rings (diameter of 5 mm and a length of 7mm). The mixer and loop
section between the heater and the fluid temperature metering point was also insulated.

In all experiments, electric power supplied heater was measured. This electric power
compared with the heat capacity transferred to liquid. The installation was well heat insulated.
Therefore, the difference between the thermal and electrical capacities not exceed 3-5%.

The pressure drop measurements were carried out using a differential manometer OWEN
PD200. The designed experimental setup was tested based on known empirical data for heat
transfer of pure water. The water flow rate ranged from 0.65 to 2 I/min that corresponds to the
range of Reynolds number from 2300 to 8000.

2. The testing of the experimental setup

Figure 2 shows the comparison of the experimental data on the average Nusselt number

depending on the Reynolds number with the known empirical correlation [19]:
Nu = 0.021- Re®® Pro*3,
where Nu =ad /A — is the Nusselt number, & =GC,(T,,,—T,)S (T, —T )™ — is the average

heat-transfer coefficient; G — mass flow rate, C, — is the specific heat of the fluid; S — is the

area of the lateral surface of the channel; T ,, T, — are fluid temperatures at the channel inlet

out’ lin
and outlet; T =(T,, +T,,,)/2 — is the average fluid temperature; T, — is the arithmetic mean of
the channel wall temperature, obtained by averaging of the values of six thermocouples; Pr —
is the Prandtl number; Re = oUd/ u — is the Reynolds number; A and g — are fluid thermal
conductivity and viscosity coefficients, respectively; U — is the superficial velocity; and d — is
the tube diameter. This values calculated at average temperature T = (T,, +T,,.)/2.

As is obvious from the plots presented in Fig. 2, experimental data obtained in the
turbulent flow regime, are in good agreement with the empirical correlation [19]. The
discrepancies do not exceed 5% that is comparable to the accuracy of the correlation.
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Fig.2. Heat transfer coefficient (a) and friction factor (b) for pure water
versus Reynolds number.

In addition to the heat transfer of pure water, pressure drop was measured as well. Figure
2b shows the measured correlation between friction factor and Reynolds number for pure

water. The friction factor was calculated by known formula:
2d-AP
&=

pUZL’
where U — is the superficial velocity; d — is the diameter; L — is the test section length; and AP

— is the measured pressure drop.

For comparison, the chart shows also calculations by Poiseuille’s theoretical relationship
64 : : : 5 .
&= e for laminar flow and Blasius correlation & = 0.316Re~%** for turbulent flow. It is
e

obvious that within the range of Reynolds numbers from 2300 to 3000 we observe flow
transition from laminar to turbulent regime. The measured pressure drop values are consistent

with the theoretical values with an accuracy of 5%.

3. Experimental results

Next, an experimental study of turbulent heat transfer of nanofluids in a cylindrical
channel at a constant wall heat flux was carried out. Powders of silicon and aluminum oxides
were used as nanoparticles, while distilled water was employed as the base fluid. The size of the
nanoparticles ranged from 10 to 100 nm. Measurement of nanoparticles distribution over size
directly in a fluid was carried out by means of the DC24000 CPS Disk Centrifuge, as well as
monitored by electron microscopy (Fig. 3). Bulk concentration of nanoparticles was varied
within the range from 0 to 2 volume percent. Nanopowders were purchased from JSC
"Plazmoterm”, Moscow. The resulting suspensions were subjected to the half-hour ultrasonic
treatment in a "Sapphire” bath. The nanofluids were free of surfactants. The viscosity of the

nanofluids was measured using a rotational viscometer DV2T. Viscosity measurements were



carried out within the range of shear velocity from 10 to 200 1/s at a temperature of 25 °C.
Before the measurements, the viscometer was calibrated with distilled water and ethylene glycol.

The results obtained were in a good agreement with the reference data.

Fig.3. Electron microscopy.

The coefficient of thermal conductivity of nanofluids was measured using a non-stationary
hot wire method. The detailed description of the installation and its testing is given in [20].

The conducted experiments allowed measuring the coefficients of viscosity and thermal
conductivity of nanofluids, the average and local values of wall heat transfer coefficient, and the
pressure gradient at the inlet and outlet of the channel. The all experiments except the

experiments in the Section 3.4 were carried out at inlet fluid temperature 25 °C.

3.1 The effect of particles concentration
First, we investigated the effect of nanoparticles concentration on the average heat
transfer coefficient. This study was carried out for water-based nanofluid containing silica
particles with an average size of 25 nm. The obtained experimental data for different
concentrations of nanoparticles are shown in Fig. 4. As is obvious, the heat transfer coefficient
at a fixed flow velocity depends on the nanoparticles concentration. At a fixed flow velocity,
the heat transfer coefficient for a 2% nanofluid is about 10% lower than that for pure water.



With the decrease of nanoparticles concentration, the heat transfer coefficient monotonically
tends to the level corresponding to that of pure water. For the nanofluid with 0.25%

concentration, the heat transfer coefficient exceeds the values for pure water.

6000
5000 —
N
>< -
g
o~
§ 4000 —
S
4 Water
—+— Water+S10, 0.5%
3000 — —o— WatertSiO, 1%
—— Water+Si0, 2%
L) I L] I ) I 1 I L) I L] I ) I L]
0.5 0.6 0.7 0.8 0.9 1 1.1 1.2 1.3

U, m/s

Fig. 4. Average heat-transfer coefficient versus flow velocity
for different concentrations of SiO2 nanoparticles with a size of 25 nm.

Most works on the study of forced convection in nanofluids analyze heat transfer
performance depending on the Reynolds number. This dependence is shown in Fig. 5. It is
obvious that the average heat transfer coefficient significantly depends on the concentration of
nanoparticles. At a fixed Reynolds number, with increasing nanoparticles concentration, heat
transfer coefficient increases. Heat transfer coefficient for the nanofluid with nanoparticles
concentration of 2% is higher than that in pure water by more than 15%. With the decrease in
nanoparticles concentration, the heat transfer coefficients monotonically tend to the values

corresponding to pure water.
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Fig. 5. Average heat transfer coefficient versus Reynolds number
for different concentrations of SiO2 nanoparticles with a size of 25 nm.

It is of interest to analyze difference of the average heat transfer coefficient at a fixed
fluid velocity (or flow rate) see Fig 4 and of the average heat transfer coefficient at a fixed
Reynolds (Fig. 5). It is seen that the observed heat transfer enhancement at a fixed Reynolds
number considerably exceeds the heat transfer enhancement at a fixed flow rate (of fluid
velocity).

This seemingly unusual behavior is due to the fact that nanoparticles affect not only
thermal conductivity, but also the viscosity of nanofluids. The dependence of viscosity
coefficients of a given nanofluid on particles concentration is shown in Fig.6a and Table 1,

where black line corresponds to calculation by Einstein formula [21]
Ho |, =1+§¢,

which is appropriate for Brownian particles. As is obvious from Fig.6a, the viscosity of
nanofluid is significantly higher than that calculated by the classical formula of Einstein. This
behavior is typical of the nanofluids, in contrast to the classical colloidal solutions.
Though, in this case thermal conductivity coefficient of nanofluid is well described by the
Maxwell dependence [22]
A Ay +2A +20(4, - A
A Ay +22 -l - 2,)

(see Fig. 6b and Table 1).
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Fig.6. Viscosity (a) and thermal conductivity (b) of nanofluid
versus concentration of SiO2 nanoparticles with a size of 25 nm.

Table 1. Viscosity and thermal conductivity of nanofluid
versus concentration of SiO> nanoparticles with a size of 25 nm.

Q, % Hn, cP AnlAw
0.5 1.022 1.009
1 1.08 1.019
1.33 1.04

For a qualitative understanding of the relationship between the heat transfer coefficient and

the nanoparticles concentration we refer to the well-known Mikheev’s formula

Nu = 0.021-Re®® Pr®**, which describes the heat transfer in the developed turbulent flow. It
follows from this formula that the heat transfer coefficient depends on the viscosity in markedly

different ways subject to a fixed Reynolds number or a fixed fluid flow rate. It is not difficult to

043 7057

show that o ~ u at Re=const and o~ %" -2>*" at G =const. Thus in the first case

(Re=const), when using nanofluid as a coolant, we will always get an increase in heat transfer
coefficient and, moreover, the greater the nanofluid viscosity, the greater heat transfer coefficient
even if the thermal conductivity is almost not changed. And since with increasing particle
concentration, the viscosity of nanofluid increases generally significantly stronger than the
thermal conductivity, than the increase in heat transfer at a fixed Reynolds number revealed in
most studies can be explained by the increase in viscosity. From a practical viewpoint, the most
challenging is the case, where coolant flow rate or velocity is fixed. Here the situation is much
more complicated. In this case, if the increase in thermal conductivity of the coolant due to the



concentration of nanoparticles is significantly less than the increase in its viscosity, this may
result in deterioration of heat transfer performance. This is shown in Fig. 4. The analysis of the
works of other authors also confirmed this fact. The papers, where the heat transfer performance
was analyzed at a fixed Reynolds number, usually indicate increase in heat transfer coefficients
and, moreover, this increase is quite significant, whereas in the papers, where analysis was
conducted at a fixed flow rate, heat transfer coefficients either decreased or increased just
slightly.

For nanofluids, the key difference between the turbulent and laminar heat transfer consists
in the dependence of the heat transfer coefficient on the viscosity under the steady state
conditions. In the case of steady laminar flow regime the heat transfer coefficient is proportional
to the thermal conductivity of the fluid and does not depend on viscosity. Since thermal
conductivity of the fluid due to the presence of the nanoparticles always increases, in the laminar
flow we have a clear enhancement of heat transfer regardless of how the viscosity increased [7].
In the turbulent flow, the situation is much more complicated, because heat transfer coefficient
depends nonlinearly not only on the thermal conductivity of the fluid, but also on its viscosity.
Here, if the increase in thermal conductivity of the fluid due to the nanoparticles is significantly
less than the increase in its viscosity, this may lead to deteriorated heat transfer that was
evidenced in the present experiments.

The behavior of the Nusselt number is also interesting. The Nusselt number indicate
the law of heat transfer with the influence of thermal properties of nanofluids. The dependence
of the average Nusselt number Nu=«-d /A from versus flow velocity and Reynolds number
is shown in Fig. 7. At a fixed flow velocity, the average Nusselt number for a 2% nanofluid is
about 12% lower than that for pure water. With the decrease of nanoparticles concentration,
the average Nusselt number monotonically tends to the level corresponding to that of pure
water. For the nanofluid with 0.25% concentration, the average Nusselt number exceeds the
values for pure water. At a fixed Reynolds number, the average Nusselt number for a 2%

nanofluid is higher than that in pure water by more than 13%.
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Fig. 7. Average Nusselt number versus flow velocity (a) and Reynolds number (b)
for different concentrations of SiO2 nanoparticles with a size of 25 nm.

Thus, it was shown that heat transfer enhancement due to the use of nanofluids in the
turbulent regime is a non-trivial problem. Beneficial effect in terms of heat transfer enhancement
depends on the ratio between viscosity and thermal conductivity of the nanofluid, and thus, on
particles material and size. This apparently explains such a wide variations and inconsistency of
experimental data on turbulent heat transfer presented by various authors.

Besides, the effect of nanoparticles concentration on the pressure drop in the channel is of
great interest from practical viewpoint. Figures 8-9 present measured data on pressure drop in the
test section for the nanofluid containing silicon oxide (with a particle size of 25 nm) depending
on the flow rate and Reynolds number. As is obvious, with increasing nanoparticles
concentration, the pressure drop in the channel increases. This is clear, since nanofluid has a
higher viscosity. Measured data on the nanofluid viscosity depending on particles concentration
is shown in Fig. 6a. As can be seen, the viscosity of a 2% nanofluid is approximately by 40%
higher than the viscosity of pure water. Besides, we can see that the increase in pressure as well
as in heat transfer coefficient depends on the criterion, which underlies the comparative analysis.
Thus, for example, at a fixed Reynolds number (Fig.8.) a 2% concentration of the nanoparticles
increase pressure drop by 75%, while at a fixed flow rate (Fig. 9) — just by 6%. A qualitative
explanation of this fact can be found if we analyze the well-known Blasius formula for turbulent

friction factor & = 0.316Re~%2%, From this formula it follows that the pressure drop in the

2

channel AP ~ %~ at Re=constand AP =~ 1°%. p°"® at G =const. Thus, at a fixed Reynolds

Y2
number the pressure drop is proportional to the square of the viscosity, and therefore increases
very significantly. At a fixed flow rate the pressure drop is proportional to viscosity to the power



of 1/4, and therefore increases slightly with increasing nanoparticles concentration. Exactly the
second case is important from practical viewpoint. Therefore, concerns, expressed in many

studies that nanofluids significantly increase the pressure loss on pumping are in fact unjustified.
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Fig.8. Pressure drop versus Reynolds number for various concentrations of SiO2 nanoparticles
with a size of 25 nm.
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3.2 The effect of particle size

Presently, the influence of particle size on the transfer coefficients of nanofluids has been
well-established [23, 24]. Thus, we should expect the effect of particle size on the heat transfer
as well. Further we investigated the effect of nanoparticles diameter on the heat transfer
characteristics in turbulent regime of nanofluids containing silica particles. The particles
diameter ranged from 10 to 100 nm, all other experimental conditions were similar. Figure 10
presents the dependence of the average heat-transfer coefficient on flow rate of the 2%
nanofluid with particles of different size. As is obvious, at a fixed fluid flow rate the heat
transfer coefficient definitely increases with increasing particle size. Again this is due to the
performance of transport coefficients (see Fig.11 and Table 2). We see that in this case the
viscosity of nanofluid decreases with increasing particle size, while the thermal conductivity, on
the contrary, increases. It should be noted that currently in the literature there is no consensus
regarding the dependence of transfer coefficients of nanofluids on the particle size. The
available data are rather contradictory. This is especially true for the thermal conductivity of
nanofluid. Many works [18, 25-26] indicate that the thermal conductivity coefficient increases
with increasing particle size. Though, the fact that the viscosity decreases with increasing
particles size is ascertained more reliably [23, 24]. Recall that the average heat transfer
coefficient in the turbulent regime at a fixed fluid flow rate is proportional to the complex of
wo3057 With the increase in particle size, thermal conductivity of nanofluids increases,
whereas the viscosity, on the contrary, decreases and, as a consequence, heat transfer

unambiguously enhances. This is shown in Fig. 10.
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at a bulk concentration of 2%.

Table 2. Viscosity and thermal conductivity of nanofluids versus SiO2 nanoparticles sizes at a
bulk concentration of 2%.

d, nm L, CP AnlAw
10 1.43 1.015
16 1.36 1.04
25 1.33 1.027
100 1.11 1.075

If we look at the correlation between the heat transfer coefficient and Reynolds number
(Fig.12), we find that at a fixed Reynolds number the heat transfer coefficient has a maximum at
particle size of 25 nm. The reason for this non-monotonic behavior again lies in the effect of
nanoparticle size on the transfer coefficients of nanofluids. According to Mikheev's formula, at a
fixed Reynolds number, the heat transfer coefficient is proportional to the complex of pu%43.%57,
In this case, with increasing particle size, we are faced with two competing tendencies, namely,
the viscosity decreases while the thermal conductivity increases. Therefore the dependence of
the heat transfer coefficient on the particle size has a maximum. In this particular case it falls on
the particle size of 25 nm. This non-monotonic behavior of heat transfer coefficient is probably
the main reason for such wide variations and inconsistency in the experimental data on turbulent
heat transfer of nanofluids, found in the literature, because, as is obvious, the heat transfer
coefficient depends not only on particles concentration but also, in a complex way, on particles

size, as well as criterion which is taken for comparative analysis.
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Fig. 12. Heat transfer coefficient versus Reynolds number for various SiO2 nanoparticles sizes at
a bulk concentration of 2%.

Thus, it was revealed that at a fixed flow rate of a nanofluid, the heat transfer coefficient
increases with increase in nanoparticles size, and has a certain maximum at a fixed Reynolds
number.

The effect of nanoparticles size on the properties of nanofluids is also apparent in the
pressure drop performance. The data on pressure drop for two sizes of SiO» particles and the
bulk concentration of 1% are shown in Fig.13. As is obvious, with increasing size of
nanoparticles the pressure drop decreases due to lower viscosity. A similar trend is observed in

the analysis of the pressure drop at a fixed fluid flow rate.
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Fig. 13. Pressure drop versus Reynolds number for various SiO2 nanoparticles sizes at a bulk
concentration of 1%.
3.3 The effect of nanoparticles material

In addition, we have carried out an investigation on the effect of nanoparticles material
properties on the heat transfer coefficient and pressure drop in the flowing fluid. Figures 14-15
show the measured data on the heat transfer coefficient for a 2% concentration of the
nanoparticles of silicon and aluminum oxides with a particle size of 100 nm. As is obvious, the
heat transfer coefficient for nanofluids containing particles of aluminum oxide is significantly
higher than that for nanofluids containing silicon oxide nanoparticles at other conditions being
equal. This trend is observed at both fixed flow rate and fixed Reynolds number. The maximum
increase in heat transfer coefficient for a 2% concentration of aluminum oxide particles is about
30%.
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Fig.14. Average heat transfer coefficient versus flow rate for different nanoparticle materials
at a bulk concentration of 2% and particles size of 100 nm.
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Fig.15. Average heat transfer coefficient versus Reynolds number for different
nanoparticle materials at a bulk concentration of 2% and particles size of 100 nm.
The properties of particles material affect also the pressure drop performance that is
shown in Fig.16. As is obvious, the pressure loss for nanofluid containing Al.Oz nanoparticles

is significantly lower. This is because at other conditions being equal nanofluid containing



aluminum oxide particles has a lower viscosity as compared to nanofluid containing silicon
oxide particles (Table 3). This is an interesting finding on its own account, because for classic
colloidal solutions there should not be any effect of the nanoparticle material on fluid
viscosity. However, the revealed fact is confirmed by molecular dynamics [23] and systematic
measurements [24]. The dependence of thermal conductivity coefficient of the nanofluid on
the material of the nanoparticles was in principle expected, as Table 3 shows that the thermal
conductivity coefficient of nanofluid containing aluminum oxide particles is higher than that

of nanofluid containing silicon oxide particles.
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Fig. 16. Pressure drop in nanofluids versus Reynolds number for different nanoparticle materials
at particles size of 100 nm.

Table 3. Viscosity and thermal conductivity of different nanofluids at a bulk concentration of
2% and nanoparticles sizes 100nm.

un/uw Anlhw
SiO» 1.11 1.075
Al;O3 1.083 1.13

Thus, the application of nanofluids containing aluminum oxide, at other conditions being
equal, is significantly more beneficial than the application of nanofluids containing silicon
oxide particles, because in the first case we have a considerably higher heat transfer
coefficients and significantly lower pressure losses. This allows controlling the heat transfer

process by selecting a desired concentration of particles, their size and material.



3.4 The effect of temperature

Since the viscosity has a significant impact on the heat transfer coefficient and, in turn,
the viscosity significantly depends on the temperature, it is obvious that the heat transfer
coefficient must also depend on the nanofluid temperature. This is proved by Fig.17, which
shows the dependence of heat transfer coefficient on the Reynolds number for three different
temperatures at the inlet of the heated test section for nanofluids containing silica particles (100
nm) at bulk concentration of 2%. As we see, with increasing fluid temperature, the heat transfer
coefficient increases. The increase in the inlet temperature from 15 to 35°C leads to increase in
heat transfer performance by 60% at fixed Reynolds number. This is due to the fact that with
increasing temperature thermal conductivity increases [27-28], while viscosity, on the contrary,
decreases [29]. The most sensitive to changes in temperature, the viscosity of nanofluids. The
dependence of viscosity nanofluids on temperature is shown in Table 4. As can be seen with
increasing temperature from 15 to 35 degrees viscosity is reduced by about 60%.

Depending from the input temperature is also evident in the behavior of the pressure
drop, which is shown in Figure 18. As can be seen, with increasing temperature, the pressure loss
is reduced significantly. This is because with increase in temperature decreases the viscosity
nanofluids. Therefore, from practical perspective, it is more efficient to apply nanofluids at
higher temperatures. Thus it is shown that temperature is another factor having a significant
effect on nanofluid turbulent heat transfer.

8000
—&— Nanofluids temperature 15°C
| —#— Nanofluids temperature 25°C
—4— Nanofluids temperature 35°C
6000 —
""\
X -
g
N
= 4000 -
<
2000 —
7 I I L) I L) I L) l L) l ) I ) I L) I L)

1000 2000 3000 4000 5000 6000 7000 8000 9000 10000
Re

Fig. 17. Heat transfer coefficient versus the Reynolds number at different inlet temperatures of
nanofluid containing SiO2 nanoparticles at a bulk concentration of 2%
and particles size of 100 nm.



Table 4. The dependence of viscosity nanofluids from temperature.

t, °C Hn, cP
15 1.282
25 1.002
35 0.807
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Fig. 18. Pressure drop in nanofluids versus Reynolds number at different inlet temperatures of
nanofluid containing SiO2 nanoparticles at a bulk concentration of 2%
and particles size of 100 nm.

3.5 About the practical effectiveness of nanofluids
It was shown above that in the case of turbulent flow regime the enhancement of heat
transfer coefficient is a non-trivial challenge, which depends on many factors. For example, it
depends on the criterion underlying the conducted comparative analysis. Thus, in particular, for a
water-based 2% nanofluid containing silicon oxide nanoparticles, the heat transfer coefficient at
a fixed Reynolds number is higher by more than 15% than that for pure water, whereas at a fixed

fluid flow rate it is about 10% lower than the appropriate value for pure water.



The question arises, which criterion should be taken to evaluate the practical effectiveness
of using the nanofluid as a coolant. It is clear that the use of the Reynolds number as a criterion
makes no practical sense. Using a fixed fluid flow rate as a criterion looks more reasonable,
because most heat exchange systems are designed for operating at a given constant flow rate.
However, we should not forget that adding nanoparticles increases the viscosity of the coolant
and this may lower fluid flow rate for some types of pumps. Therefore, the fluid flow rate cannot
be taken as an absolute criterion. In our opinion, the most correct and relevant criterion in this
case would be the cost for pumping the coolant though the loop. If application of nanofluid
increases the heat transfer coefficient as compared to that in pure fluid at the same pumping cost,
than such nanofluid can be considered effective. This fact is illustrated by Fig.19, which shows
the correlation between heat transfer coefficient and pressure drop in the channel for water and
nanofluids containing aluminum oxide and silicon oxide particles. As is obvious, the nanofluid
containing silicon oxide particles cannot be considered an effective coolant as compared to pure
water because at the fixed pumping cost its heat transfer performance is lower than that for pure
water. At the same time, nanofluid containing aluminum oxide nanoparticles is about 15% more

efficient as a coolant than the pure water.
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Fig.19. Heat transfer coefficient versus pressure drop at a bulk concentration of 2%
and particles size of 100 nm.

Another criterion that is often used in studies on enhancement of heat transfer is a thermal-

hydraulic efficiency. This value is according to the Reynolds analogy is defined as



(Nu, /Nu,)/(&,1&,). Here, Nu- Nusselt number, & is the friction factor, index n refers to

nanofluids, index w refers to water. The dependence of thermal- hydraulic efficiency from
Reynolds number is shown on Fig 20. It can be seen that the thermal-hydraulic efficiency is
weakly dependent on the Reynolds number. The efficiency of nanofluids with silica
nanoparticles approximately 25% below of water, and efficiency of nanofluids with aluminum

oxide nanoparticles about 8% above the water.
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Fig.20. The thermal- hydraulic efficiency versus Reynolds number at a bulk concentration of 2%
and particles size of 100 nm.

4. CONCLUSION
An experimental study of turbulent heat transfer of nanofluids has been carried out in a
cylindrical channel under constant wall heat flux. The Reynolds number ranged from 3000 to
8000. Powders of aluminum and silicon oxide were used when preparing distilled water-based
nanofluids. The nanoparticles diameter ranged from 10 to 100 nm. Bulk concentration of
nanoparticles was varied within the range from 0 to 2 volume percent. The average and local
values of heat transfer coefficients at the channel walls as well as the pressure drop at the inlet

and outlet of the channel were measured in conducted experiments. It was shown that adding



nanoparticles to the coolant significantly influences the heat transfer coefficient in the
turbulent flow regime.

e It is shown that with increasing nanoparticles concentration, the local and average heat
transfer coefficients at a fixed Reynolds number increase. Decrease in heat transfer coefficient
with increasing particles concentration may take place at a fixed flow rate.

e |t is revealed that, the heat transfer coefficient of the nanofluid in turbulent regime
increases with increasing nanoparticles size at a fixed flow rate, while has a certain maximum at
a fixed Reynolds number.

e The effect of nanoparticles material on the heat transfer coefficient and pressure loss has
been also demonstrated.

e It is found that the inlet temperature is another factor having a significant effect on
turbulent heat transfer performance of nanofluids. From a practical viewpoint, it is advantageous
to ensure highest possible inlet temperature.

Thus, it was shown that heat transfer enhancement due to the use of nanofluids in the
turbulent flow regime is a non-trivial problem. Beneficial effect in terms of the heat transfer
enhancement depends on the ratio between viscosity and thermal conductivity of nanofluid, and
therefore, on the material of particles and their size. When conducting research on nanofluids
and analyzing obtained experimental data it is necessary to consider and control many factors
and parameters. This apparently explains such a wide variations and inconsistency of

experimental data on turbulent heat transfer presented by various authors.
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