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1. Introduction nanofluids for the temperature in the range of 278 K to 318
K experimentally. Their results revealed that all nanofluids
exhibit non-Newtonian shear thinning behavior.

Mariano et al. [9] studied the behavior of ethylene
glycol-based SnO2 nanofluid at the temperatures of 283.15
K, 303.15 K, and 323.15 K. Their observations showed the
shear-thinning behavior of the nanofluid when the volume
fraction of nanoparticles increases to 0.25.

The mixed convective heat transfer in a circular
enclosure with a rotating inner cylinder was investigated
by Shirazi et al. [11], and the mixed convection heat
transfer in a square chamber with a rotating blade was
studied by Sepyani et al. [12]. These investigations
revealed that the rotation of inner circular cylinder or inner
blade improves the heat transfer between enclosure walls
and the fluid. Lahmar et al. [14] studied the effect of an
inclined magnetic field on the thermal behavior of Fe3Os-
water nanofluid flowing between two parallel plates. It
was shown that the heat transfer is reduced by the presence
of a magnetic field.

Nanofluids are suspensions of nanoparticles and have
many applications in industries [1, 2]. The rheological and
thermal characteristics of nanofluids have been considered
by numerus investigators to provide some correlations
between their properties. Several investigators have
analyzed the natural and forced convection of nanofluids
in enclosures experimentally and numerically [3-28].

Bayareh et al. [3] investigated Al20s-water nanofluid’s
effects on thermal characteristics of a c-shaped enclosure
at the Reynolds number (Re) in the range of 10 to 1000.
They found that as the Reynolds number and volume
fraction of nanoparticles (¢) increase, the heat transfer is
improved. The natural convective heat transfer in the wavy
enclosures saturated with nanofluids was analyzed by
Ahmed [6]. It was shown that as the waviness of enclosure
surface increases, and the aspect ratio decreases, the
Nusselt number enhances. Hojjat et al. [7] investigated the
rheological characteristics of CuO- carboxymethyl
cellulose (CMC), y-Al203-CMC, and TiO2-CMC
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Table 1. Main characteristics of convective heat transfer of nanofluids flowing in ducts, tubes, and enclosures.

Nanofluid Newtonian/non-Newtonian Re Pr ] Ref.

Fe30s—H20 ferrofluids in an inclined Newtonian o/r n/r 0-0.06 2]
partial open complex-wavy-walls ringed
enclosures

Al203-water nanofluid in a c-shaped Newtonian 10- 6.2 0-0.06 [3]
enclosure 1000

Buongiorno’s nanofluid in a complex- Newtonian n/r n/r n/r [5]

wavy-wall surrounded enclosure

CuO-CMC, y-Al203-CMC, and TiO2-
CMC nanofluids in a uniformly heated
circular tube

Ethylene glycol-based SnO2 nanofluid

Carreau nanofluid flow over non-linearly
stretched sheet

Non-Newtonian nanofluids in three
various microchannels

Cu-water nanofluid flowing through a
circular tube

Al203-Xanthan non-Newtonian nanofluid
flowing in a horizontal tube

Non-Newtonian

Non-Newtonian

Non-Newtonian

Non-Newtonian

Newtonian

Non-Newtonian

Pe = 0.001-0.015 [7]
210000-360000

n/r n/r 0-0.05 [9]

n/r 2 n/r [13]

Pe = 400 and 0.01-0.04 [16]
1385

Pe = 2500 and 0.002-0.25 [20]
6500

500- n/r 0.01-0.06 [22]
2500

tnot reported

Esmaeilnejad et al. [16] used Al203 nanoparticles with
a diameter of 30 nm suspended in the non-Newtonian base
fluid. Nanofluid exhibited shear-thinning behavior and
higher pressure drop as compared to the base fluid.
Convective heat transfer of Al203-Xanthan non-
Newtonian nanofluid flowing in a horizontal tube was
investigated by Keshavarz Moraveji et al. [22] for the
Reynolds number in the range of 500 to 2500. They
proposed a correlation between Nusselt number, Reynolds
number, Prandtl number, axial location, volume fraction,
and viscosity of nanofluid and base fluid: Nu=2.14(Re
D/x)*0.025 KPr) ~(1/3) 920.004 (i_nf/p_bf)*0.192.

Kamali and Binesh [25] employed MWCNT-based
nanofluids to study the convective heat transfer in a tube
with constant heat flux at Reynolds number in the range of
600 to 1200. They found that the Nusselt number of
nanofluid is higher than that of base fluid for a given
Reynolds number. As the Reynolds number increases,
average Nusselt number is enhanced for both nanofluid
and base fluid.

Table 1 summarizes the previous studies conducted on
the thermal behavior of Newtonian and non-Newtonian
nanofluids in ducts, tubes, and enclosures.

According to the previous experimental investigations,
the shear viscosity is a strong function of temperature [26].
Conventional power-law relation does not consider the
influences of temperature on the fluid viscosity. The main
objective of the present study is that the viscosity is a
function of shear rate and temperature. The high heat
transfer capacity of non-Newtonian nanofluids makes
them appropriate as coolant fluids for different systems
such as microchannel and heat exchangers [16]. Forced
convection heat transfer of power-law nanofluids flowing
in a tube is investigated. The effects of ¢ and Re on heat

transfer are discussed. Beside, a grid adaptation technique
is employed in the present simulation.

2. Physics of Problem

According to the experimental study conducted by
Garg et al. [10], who considered a circular tube with a
diameter of 1.55 mm and a length of 914.4 mm, the tube
is employed as a computational domain for the present
simulations (Figure 1). The tube is under the constant heat
flux of g""=6000 W/m”"2. Half of the tube is simulated due
to its symmetry.

The boundary adaptation technique is employed to
obtain high precision [29]. Grid adaptation method can be
used for structured and unstructured grids using finite-
element or finite-difference schemes. Adaptive meshing
provides a very fine grid near the wall where the boundary
layer must be captured. Sufficient grid points must exist in
the boundary layer [30]. Figure 2 illustrates the schematic
of the grid adaptation technique.

3. Governing equations and numerical
method

Experimental observations demonstrated that when the
cooling system is opened, it reaches the steady-state
condition after 20 to 30 min [20]. Therefore, the unsteady
effect can be neglected in the simulations. Based on the
unsteady assumption, the governing equations are as
follows [16]:

Continuity equation:

V.(pnsV) =0 1)

Momentum equation [16]:

V.(pufVV) = —=VP + V. (1,,VV) )

Energy equation [16]:

V. (pnfVensT) = V. (kyfVT) ®)
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Figure 1. The schematic of the circular tube employed for the present simulations based on the experimental study conducted by

Gargetal. [10].

wall

Figure 2. Adaptive meshing refining the cells close to the walls [29].

where V is the velocity vector, n is apparent viscosity,
T is the temperature, and P the pressure. pyz, €y, and ks
are the density, specific heat capacity, and thermal
conductivity of nanofluid, respectively.

Tns and kyy for the volume fractions of 0.5%, 1%,
1.5%, 3%, 4% are based on the data reported by Hojjat et
al. [7] for the temperatures of 278 K, 288 K, 298 K, 308
K, and 318 K according to Eq. 4:

Nnp = kY"1 4)
where k is the consistency index, y is the shear rate, and
n is the power-law index. Here, Eq. 5 is employed to
calculate 7y, 5:
Nnf = Clym_l L L
Cy = koexp [aact (T - T_o)] ®)
where m is a new power-law index, C; is a new
consistency index, @, is the ratio of activation energy
and thermodynamic constant, and T, is a reference
temperature. Table 2 presents the values of k,, m, a,,
and T,. In Figure 3, the variation of 1, is plotted for ¢=
4%. A comparison between the present results and the
experimental data for ¢ = 4% is conducted in this figure.
A good agreement between two results can be observed.

kg is:
kns = kps[0.981 + 0.00114T (°C) ©)
+30.661¢
Pny and Cyf are:
Pnr = @pp + (1 — @)ppy )
Crny = @Cy + (1 — @)Cyy (8)

where subscripts p and bf are used for the nanoparticles
and base fluid, respectively.

Since the Reynolds number varies from 600 to 1500,
convection heat transfer of the nanofluid can be assumed

to be laminar. Two inlet velocity profiles of
hydrodynamically fully developed flow and uniform flow
are employed. Thermal entrance length exists in the
presence of an unheated starting length. The outflow
condition is imposed on the outlet, i.e., all variables do not
change at the tube outlet. An inlet temperature of 300 K is
used for all simulations. Besides, the no-slip boundary
condition is imposed on channel walls. The axisymmetric
boundary condition is employed along the tube axial
direction. A finite-difference approach is employed to
solve the governing equations based on a single-phase
fluid. Fluid is assumed to be a continuum phase. A
SIMPLE algorithm is used for coupling the pressure and
velocity fields. The PRESTO scheme is used to discretize
the pressure and second-order upwind scheme is employed
to discretize momentum and energy equations.
Convergence is deemed acceptable when the continuity

and momentum residuals decrease to the values of
lower than 105
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Figure 3. 1, versus shear rate: comparison between the present
results and the experimental data for ¢ = 4%.
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Table 2. Values of k,, m,, a,., and T, used in Eq. 5 for the volume fractions varied from 0% to 4% [7, 31].

Volume fraction

)% ko Cact T, R?
0 0.5348 0.0782 1100.736 363.4572 0.997
0.5 0.5306 0.0126 1251.08 7419133 0.998
1 0.538 0.0333 1120.375 487.541 0.998
15 0.5382 0.015 1645.9 494.9848 0.995
3 0.5641 0.0217 1453.774 459.8161 0.995
4 0.5681 0.0132 1543.877 534.9958 0.997

4. Results and discussion

In the present simulations, ¢ = 0% -4% and Re = 600-
1500, leading to 48 case studies to investigate the laminar
convection heat transfer of non-Newtonian nanofluids.
Thus, only one case is selected in each section to describe
the thermal and rheological characteristics of nanofluid.

4.1. Grid-independence test

Forced convection of the base fluid is simulated using
four grid numbers of 41200, 82500, 155424, and 291250
at Re = 600. The values of Nuay are shown in Figure 4 for
different grid numbers. It is demonstrated that the grid
numbers of 155424 and 291250 lead to relatively the same
values for the average Nusselt number. Thus, the
computational grid with 155424 nodes is selected for
further simulations.

4.2. Verification

To validate the present simulations, Eq. 9 proposed by
Siginer et al. [32] is employed for the case in which the
fluid is hydrodynamically fully developed before heating.

Nu, = 1.416Y3Gz'/3 9)
where
2-mpm
§= 3m+1, Gz=RePr2,Re L ;
4a4m z C1

Pr = Cnp &1 (ﬂ)m_1
knf D

U and D are the mean velocity of the fluid and tube
diameter, respectively. Also, Gz, Re, and Pr are Graetz
number, Reynolds number, and Prandtl number,
respectively, and z refers to axial coordinate. It should be
pointed out that the Prandtl number is changed from 3.5 to
24,

Siginer et al. [23] presented the following equation for

a power-law fluid:
m+1

2r\ m
U _q_ () (10)
Umax D

where U4, refers to the maximum velocity. Figure 5
illustrates Nuav for the case of base fluid obtained from the
present simulations using Nu, = hD/k, ¢, where h =
q" /T, — Ty, and that obtained from Eq. 9 at the Reynolds
number of 600. is convection heat transfer coefficient,

T,, is wall temperature and T, is fluid bulk temperature.
Figure 5 depicts that there is a good agreement between
the results achieved by the simulations and Eq. 9 at Re =
600.

4.3. Nyy and ky ¢

In the present simulations, 1,y = f (7,T) and k,; =
f (T) are considered. In this section, the variations of
nanofluid viscosity and thermal conductivity along the
tube are evaluated for ¢ = 3% and Re = 1200. It should be
pointed out that the same results have been concluded for
other values of ¢ and Re. Figure 6 compares the viscosity
profile for two inlet conditions at three values of Z/D =5,
25, and 100. This figure shows that the plots have the same
trend when the inlet velocity has a fully development
profile. It is obvious that as the temperature increases, the
nanofluid viscosity decreases. For example, the viscosity
is about 0.04 and 0.002 at r/R = 0 and 1, respectively, for
z/D = 100. This is due to fact that the temperature is higher
as the fluid becomes closer to the tube walls. In other
words, in this case, the nanofluid viscosity at the tube
center is 20 times that of at the tube surface. Besides, as
the nanofluid moves along the tube, its viscosity enhances,
especially in the tube’s central region. For example, at r/R
= 0.1, the viscosity of nanofluid is 0.028, 0.032, and 0.035
for z/D = 0, 25, and 100, respectively. This figure also
shows the viscosity profile for the uniform flow
distribution. It is observed that the trend of viscosity
variation along the tube is completely different as r/R
changes. This is due to fact that the fluid is not fully
developed at the tube entrance. At z/D =100, the flow
becomes fully developed and the viscosity variations are
the same as those for fully developed flow. Figure 6 shows
that the impact of constant heat flux on the uniform
velocity profile increases with z/D. It is observed that the
increase in the viscosity for the case of a uniform velocity
profile is higher than that for the case of a fully developed
velocity profile, especially at the central region of the tube.
For example, at z/D = 100 and r/R = 0.1, nanofluid
viscosity is 0.035 and 0.037 for fully developed and
uniform velocity profiles, respectively.

Figure 7 shows the variation of nanofluid’s k, versus
r/R for different positions in the z-direction for ¢ = 3% at
Re =1200. For r/R < 0.5, the thermal conductivity remains
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Figure 4. Average Nusselt number in the flow direction for
different grid numbers.
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Figure 6. k, s versus r/R for ¢ = 3% at Re = 1200.

constant along the tube. In other words, there is a central
core in the tube in which the influence of heated walls is
negligible. For r/R > 0.5, the thermal conductivity
enhances with channel length. The figure demonstrates

that higher temperature leads to larger k., for a constant
z/D. For a given z/R, the thermal conductivity enhances
along the radial direction from r/R =0 to r/R = 1. This is
due to fact that Tp increases along the axial and radial
directions. This conclusion has been verified by Kamali
and Binesh [25].

4.4. Forced convection heat transfer of non-
Newtonian CMC-based CuO nanofluid
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Figure 7. Thermal conductivity versus r/R at different
positions in the z-direction for ¢ = 3% at Re = 1200.
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Figure 9. h versus z/L for ¢ = 1% and different values of Re.

In the present simulations, two inlet boundary
conditions are used to evaluate the thermal and rheological
characteristics of Cuo/CMC non-Newtonian nanofluid in
a tube. Therefore, Re, ¢, and inlet velocity distribution are
crucial parameters. As mentioned previously, a case study
is selected to describe the thermal characteristic of the
nanofluid flow. In these simulations, Re =900 and ¢ =4%
are considered. Figure. 8 illustrates the local convection
heat transfer coefficient (h) for different volume fractions.
It is shown that h of fully developed flow is slightly less
than that of uniform flow.
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Figure 10. Temperature contours at ¢ = 4% and Re=1500 for uniform inlet velocity distribution.
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For example, h = 5200 and 5045 W/m?K for the uniform
flow and fully developed velocity profiles, respectively at
z/L = 0.1 and the volume fraction of 4%. This is due to a
higher magnitude of the volume flow rate of uniform flow
as compared to fully developed one. As mentioned before,
uniform flow obtains a fully developed profile at z/D =
100. This means that the uniform flow has the same
volume flow rate at this position. Figure 8 confirms that
after the initial length of the tube, the heat transfer
coefficient has identical values for both velocity profiles.
The effect of volume fraction can also be discussed
using figure 8. Based on previous publications, as ¢
increases, h is enhanced [7, 8, 14-16]. The figure reveals
that for a given value of z/L, h enhances with ¢ for both
velocity profiles. For z/L < 0.15, the uniform flow and
fully developed velocity profiles result in different values
of h. However, for z/L > 0.15, the same magnitudes of h
are achieved for both velocity profiles. As pointed out
before, this is due to the fact that the uniform flow profile
gets fully developed profile at this longitudinal section.
The effect of Re on h is illustrated in figure 9 for the
volume fraction of 1%. It is concluded that the h increases
with Re. As Re increases, the fluid flow becomes faster,
resulting in an increase in the contact surface between fluid
and hot walls. Thus, the distribution of heat becomes more
uniform, and the bulk temperature of fluid increases. In
other words, wall temperature is reduced, and the heat
transfer rate is improved. This can be explained using Eq.
12; as the difference of T,, and T}, decreases, h increases.
This conclusion is consistent with the previous
investigations [22]. Figure 9 also compares the magnitude
of h obtained along the tube using two different inlet
velocity profiles. It is observed that the two profiles have

the same trend, especially for a specific value of z/L. This
value depends on the Reynolds number. As the Reynolds
number increases, the uniform flow needs a longer length
to reach a fully developed profile. For the range of
Reynolds number studied in the present study, the
convection heat transfer coefficient has the same value for
different Reynolds numbers when z/L > 0.3.

It was found that the values of convection heat transfer
are different for two inlet velocity conditions only for
specific lengths of the tube, depending on ¢ and Re. Now,
the Nuav is calculated using Eg. 13 to evaluate the
influences of Reynolds number and volume fraction of
nanoparticles:

hD
Nug, = — (11)
ks
_ qll
h=—— 12
T -7, (12)

where T,,,, Tp, and h are average bulk temperature, wall
temperature, and average heat transfer coefficient,
respectively. It was found that ket of Cuo/CMC non-
Newtonian nanofluid is a function of temperature. Since
different temperature values are distributed along the tube,
a constant value of knt for Cuo/CMC nanofluid cannot be
determined. On the other hand, the temperature
distribution for all cases is about 298+3 K. Hence, knf of
nanofluids at 298 K is selected as a reference to calculate

the average Nusselt number, i.e., Nug, = ED/knf|298K.

Figure 10 shows the temperature contours at ¢ = 4% and
Re = 1500 for the uniform inlet velocity distribution.
Figure 11 illustrates Nuay for different values of Re and
¢ for the fully developed and uniform velocity profiles.
Contrary to previous investigations, present simulations
demonstrate that Nuay decreases by increasing ¢. Nu is a
function of Re number and Pr, i.e., Nu ~ Re™ Pr", Figure
11 reveals that as Re increases, Nuav enhances. This is
valid for two different inlet velocity profiles. At low
Reynolds numbers, Nuay calculated by uniform inlet
velocity distribution is slightly higher than that obtained
by using a fully developed velocity distribution. As
Reynolds number increases, the difference between the
Nusselt numbers of fully developed velocity and uniform
velocity profiles becomes larger. For example, Nuay =
10.38 and 10.44 are achieved for the fully developed
velocity and uniform velocity profiles, respectively, at Re
=600 and volume fraction of 1.5%. The values of Nuavare
11.79 and 11.93 for fully developed velocity and uniform
velocity profiles, respectively, at Re = 1500 and ¢ = 1.5%.
In other words, the value of Nuav calculated for a fully
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developed velocity distribution is 0.57% and 0.11% higher
than that calculated for the uniform velocity profile when
the Reynolds number increases from 600 to 1500.

Conclusion

The present paper investigated the thermal and
rheological characteristics of power-law non-Newtonian
CMC-based CuO nanofluid for ¢ = 0%-4%. The
nanofluid’s viscosity is a function of temperature and
shear stress. Fully developed and uniform distributions
were used for the inlet fluid flow. It was found that for r/R
< 0.5, the thermal conductivity remains constant along the
tube. In other words, there is a central core in the tube in
which the influence of heated walls is negligible. For the
range of Reynolds number studied in the present study, the
convection heat transfer coefficient has the same value for
different Reynolds numbers when z/L > 0.3. It was found
that contrary to previous investigations, present
simulations demonstrate that Nuav decreases by increasing
the volume fraction. As the Reynolds number increases,
the difference between the values of Nuav calculated for
fully developed velocity profile and those obtained for
uniform velocity profile increases.

Nomenclature

C Heat capacity

p Pressure (Pa)

q”  Heat flux (W/m?)

Re  Reynolds number

Pr  Prandtl number

Gz  Graetz number

T Temperature (K)

V  Velocity vector (m/s)
k Consistency index

n Power-law index

K Thermal conductivity (W/m.K)
U Mean velocity (m/s)

T, Reference temperature (K)

C; New consistency index

D Tube diameter (1.55 mm)

R Tube radius (0.775 mm)

h  Convectional heat transfer coefficient(W/m?2.K)
L Tube length (m)

Pe  Peclet number

Greek symbols

p Viscosity (Pa.s)

p  Density (kg/m®)

n  Non-Newtonian viscosity (Pa.s)
Y  Shear rate

¢  Volume fraction

@, Ratio of activation energy to thermodynamic

constant
a Heat diffusion coefficient (m?/s)
Subscripts
nf  Nanofluid
bf  Base fluid

p  Nanoparticle
z  Axial coordinate

r Radial coordinate

w  Wall
b Bulk
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