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Abstract
The objective of this study is to assess the hydrothermal performance of a non-Newtonian hybrid nanofluid with tem-

perature-dependent thermal conductivity and viscosity compared with a Newtonian hybrid nanofluid with constant ther-

mophysical properties. A counter-current double-pipe mini-channel heat exchanger is studied to analyze the effects of the

hybrid nanofluid. The nanofluid is employed as the coolant in the tube side, while the hot water flows in the annulus side.

Two different nanoparticles including tetramethylammonium hydroxide-coated Fe3O4 (magnetite) nanoparticles and gum

arabic-coated carbon nanotubes are used to prepare the water-based hybrid nanofluid. The results demonstrated that the

non-Newtonian hybrid nanofluid always has a higher heat transfer rate, overall heat transfer coefficient, and effectiveness

than those of the Newtonian hybrid nanofluid, while the opposite is true for the pressure drop, pumping power, and

performance evaluation criterion. Supposing that the Fe3O4-carbon nanotube/water hybrid nanofluid is a Newtonian fluid

with constant thermal conductivity and viscosity, there leads to large error in the computation of pressure drop

(1.5–9.71%), pumping power (1.5–9.71%), and performance evaluation criterion (18.24–19.60%), whereas the errors in the

computation of heat transfer rate, overall heat transfer coefficient, and effectiveness are not considerable (less than 2.91%).

Keywords Non-Newtonian hybrid nanofluid � Double-pipe heat exchanger � Magnetite � Carbon nanotube �
Convective heat transfer

List of symbols
A Internal tube surface area (m2)

Cmin Minimum heat capacity rate (W K-1)

cp Specific heat capacity (J kg-1 K-1)

Dh Hydraulic diameter (m)

f Friction factor

h Convective heat transfer coefficient

(W m-2 K-1)

k Thermal conductivity (W m-1 K-1)

L Length (m)

_m Mass flow rate (kg s-1)

Nu Nusselt number

PEC Performance evaluation criterion

p Pressure (Pa)
_Q Heat transfer rate (W)

Re Reynolds number

ri Inlet radius (m)

ro Outlet radius (m)

T Temperature (K)

DTLMTD Logarithmic mean temperature difference (K)

U Overall heat transfer coefficient (W m-2 K-1)

uin Inlet velocity (m s-1)

V Velocity (m s-1)
_V Volumetric flow rate (m3 s-1)

_W Pumping power (W)

Greek symbols
e Heat exchanger effectiveness

l Dynamic viscosity (Pa s)

q Density (kg m-3)

u Volume concentration of nanoparticles (%)
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Subscripts
CNT Carbon nanotube

i Inlet

M Magnetite

N Newtonian

NN Non-Newtonian

nf Nanofluid

o Outlet

s Wall

w Water

Introduction

Double-pipe heat exchangers have been widely employed

in various applications to exchange the heat between two

fluids called as heat transfer fluids [1]. They are an

essential part of almost all the industries, including the oil

and gas industry, power generation, refrigeration, and

nuclear power. Due to the great importance of heat

exchangers, improving their efficiency is a very important

issue. So far, several methods have been proposed in the

literature to enhance the heat exchanger performance such

as using various fins and turbulators. However, these

modifications offer several disadvantages like increase in

pressure drop, weight and volume of heat exchangers that

limit their usage.

Over the past decade, scientists and researchers around

the world have revealed that the heat exchanger perfor-

mance can be considerably enhanced by improving the

thermal conductivity of working fluids [2]. This goal can be

achieved through the use of nanofluids, which are prepared

by suspending nanoparticles with sizes typically of

1–100 nm in conventional heat transfer fluids such as

water, oil, and ethylene glycol [3]. This term was first

suggested by Choi [4] in 1995, and it has since gained in

popularity [5].

A great number of experimental and numerical works

have been performed on the various aspects of different

nanofluids performance in double-pipe heat exchangers.

Maddah et al. [6] experimentally evaluated the effects of

Al2O3–water nanofluid on the performance of a horizontal

double-pipe heat exchanger under turbulent flow regime

and showed 52% and 12% enhancement in the friction

factor and heat transfer rate, respectively. Mousavi et al.

[7] numerically studied the effect of a variable magnetic

field on the hydrothermal characteristics of Fe3O4–water

nanofluid flowing through a sinusoidal double-pipe heat

exchanger and reported the enhancement of Nusselt num-

ber in the presence of magnetic field. Saeedan et al. [8]

numerically examined the effect of Cu–water, CuO–water

and carbon nanotube (CNT)–water nanofluids on the per-

formance of a finned-type heat exchanger. They found that

both the Nusselt number and pressure drop intensify with

increasing nanoparticle concentration. Sarafraz et al. [9]

experimentally studied the use of CNT–water nanofluid

inside a double-pipe heat exchanger. They assessed the

impact of different effective parameters on the convective

heat transfer coefficient in laminar and turbulent flow

regimes and found that the proposed nanofluid can enhance

the heat transfer by almost 44% compared with the pure

water. Kumar et al. [10] experimentally surveyed the effect

of Fe3O4–water nanofluid on the performance of a double-

pipe heat exchanger with a longitudinal fin with return

bend under turbulent flow regime. They showed the

enhancement of Nusselt number with increasing Reynolds

number and nanoparticle concentration. Hussein [11]

experimentally examined the flow of aluminum nitride–

ethylene glycol nanofluid through a double-pipe heat

exchanger and showed the increase in Nusselt number with

increasing flow rate and volume concentration of nanofluid.

Shirvan et al. [12] studied the influence of Reynolds

number and nanoparticle concentration on the performance

of Al2O3–water nanofluid inside a double-pipe heat

exchanger and showed the enhancement of Nusselt number

with increasing Reynolds number and decreasing

nanoparticle concentration.

To enhance the rate of heat transfer, hybrid nanofluids

have attracted lots of attention using a combination of

different nanoparticles in the nanofluids in order to take the

advantage of them. Esfe et al. [13] experimentally studied

the thermal conductivity of ethylene glycol-based hybrid

nanofluid containing ZnO–CNT nanoparticles. They

showed the improvement of thermal conductivity using

ZnO and CNT nanoparticles compared with the base fluid

and developed a new correlation for the calculation of

thermal conductivity based on the experimental data using

an artificial neural network (ANN).

Carbon nanotubes present an outstanding mechanical,

electrical, thermal, and chemical property. For example, a

single nanotube is 100 times stronger than steel. It is one of

the best field emission emitters, it can maintain high cur-

rent density, and it has a thermal conductivity comparable

to that of diamond [14]. The combination of Fe3O4 and

CNT nanoparticles is widely used as a promising hybrid

nanofluid which combines the great thermal conductivity

material of CNT and high magnetic material of Fe3O4.

Baby and Sundara [15] studied the effects of nanoparticles

concentration on the thermal conductivity of Fe3O4/CNT/

water hybrid nanofluid and reported 6.5–10% improvement

in the thermal conductivity of nanofluid in the temperature

range of 30–50 �C compared with the base fluid. Felicia

and Philip [16] investigated an oil-based Fe3O4/CNT

hybrid nanofluid in the presence of a magnetic field and

showed the enhancement of viscosity with increasing

magnetic field intensity. Sundar et al. [17] experimentally
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assessed the hydrothermal characteristics of Fe3O4/CNT/

water hybrid nanofluid in a circular tube and presented

14.8% improvement in the Nusselt number using nanofluid

with concentration of 0.3% at Reynolds number of 3000.

Shahsavar et al. [18] studied the use of Fe3O4/CNT/water

hybrid nanofluid in a heated tube in the presence of both

constant and alternating magnetic fields. They showed

higher improvement of heat transfer using a constant

magnetic field compared with an alternating one.

Harandi et al. [19] conducted experiments to determine the

thermal conductivity of Fe3O4/CNT/EG hybrid nanofluid at

different temperatures and found the improvement of

thermal conductivity with the increase in temperature and

nanoparticle concentration.

In most of the previous research works on the perfor-

mance of heat exchangers containing various nanofluids,

the thermophysical properties of the nanofluid have been

assumed as constant and the nanofluid itself has been

considered as Newtonian [20], while various studies have

shown that the thermophysical properties of nanofluids are

a function of temperature and that the majority of

nanofluids exhibit a non-Newtonian behavior [21]. The aim

of this research is to see whether a significant difference is

observed in the performance parameters of a heat

exchanger (i.e., pumping power, effectiveness, and per-

formance evaluation criterion) by assuming constant

properties and a Newtonian nature for nanofluids. It also

seeks to find out: Under what conditions the assumptions of

constant properties and Newtonian nature of nanofluid can

be used in the analysis of heat exchangers? This is done by

comparing the performance parameters of a counter-cur-

rent double-pipe heat exchanger containing Newtonian

Fe3O4/CNT/water nanofluid of constant properties with the

performance parameters of a heat exchanger containing the

non-Newtonian Fe3O4/CNT/water hybrid nanofluid with

temperature-dependent thermal conductivity and viscosity,

at different Reynolds numbers and concentrations.

Physical properties of nanofluid

This investigation is conducted on a hybrid nanofluid

consisting of tetramethylammonium hydroxide (TMAH)-

coated magnetite nanoparticles and gum arabic (GA)-

coated CNTs. It was prepared by mixing different volume

ratios of Fe3O4-water nanofluid and CNT–water nanofluid,

followed by 5-min sonication [22]. The detailed description

of the preparation method can be found in Ref. [23]. The

magnetite and CNT nanoparticles are attached physically

because of interaction between the molecules of TMAH

and GA.

After careful preparation and characterization, some

experiments were performed to evaluate the

thermophysical properties of the hybrid nanofluid. The

hybrid nanofluid shows the non-Newtonian shear-thinning

behavior since there is a sharp decrease in the viscosity of

nanofluid with the increase in shear rate at lower shear

rates, and the viscosity becomes gradually constant at

higher shear rates. The shear-thinning region is up to

70 s-1; for higher shear rates, the viscosity tends to follow

the Newtonian pattern. Additionally, the viscosity of the

hybrid nanofluid enhances with the increase in volume

concentration of nanoparticles, while it reduces with

increasing temperature. However, the thermal conductivity

increases with temperature and volume concentration.

Based on the data obtained from experiments, the ANN

was used to find a correlation between the thermal con-

ductivity and temperature and volume concentration of

Fe3O4 and CNT nanoparticles [24]. For the viscosity, a

correlation is developed as a function of temperature, shear

rate, and volume concentrations of Fe3O4 and CNT

nanoparticles [24]. The acquired neural network models

illustrate a good accuracy to predict the thermal conduc-

tivity and viscosity according to Fig. 1. The thermal con-

ductivity model predicts the outputs with mean square error

(MSE) and coefficient of determination (R2) values of

about 1.59 9 10-5 and 0.999, respectively, based on the

test data. Meanwhile, MSE and R2 values for the viscosity

model are, respectively, 3.34 9 10-10 and 0.999 for the

test data.

The viscosity and thermal conductivity of the considered

Newtonian hybrid nanofluid are reported in Table 1. The

considered viscosity for the Newtonian nanofluid is equal

to the viscosity of the non-Newtonian nanofluid at the same

concentration of CNT and magnetite nanoparticles at shear

rates higher than 70 s-1. Also, the considered thermal

conductivity for the Newtonian nanofluid samples is the

same as the thermal conductivity of the non-Newtonian

nanofluid at the inlet temperature of nanofluid.

Moreover, the nanofluid bulk density (qnf) and specific

heat (cp;nf) are computed as [25]:

qnf ¼ uMqM þ uCNTqCNT þ 1� uM � uCNTð Þqw ð1Þ
cp;nf ¼ uMcp;M þ uCNTcp;CNT þ 1� uM � uCNTð Þcp;w

ð2Þ

where u is the volume concentration of nanoparticles and,

subscripts M, CNT, and w refer to magnetite, CNT, and

water, respectively.

Geometry and boundary conditions

The present investigation is conducted in a double-pipe

counter-current mini-channel heat exchanger with the

length of 1 m, inner diameter of 1 mm, and outer diameter
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of 2 mm. The thickness of the inner tube’s wall is

neglected. Figure 2 illustrates the schematic of the geom-

etry including the flow directions of both hot water and

cold nanofluid. Due to the axisymmetric nature of the

problem, only half of the geometry is considered as the

computational 2-D domain.

Mathematical modeling

Due to the small size of nanoparticles, the nanofluids can

thus be approximately evaluated as a pure fluid considering

no velocity slip and local thermal equilibrium between the

base fluid and nanoparticles. The governing equations for

laminar, steady-state forced convection flow of the studied

nanofluid are given as follows:

Continuity:

r � qnfVð Þ ¼ 0 ð3Þ

Momentum:

r � qnfVVð Þ ¼ �rpþr � lnfrVð Þ ð4Þ

Energy:

r � qVcp;nfT
� �

¼ r � knfrTð Þ ð5Þ

where V is the velocity, p is the pressure, and T is the

temperature.

For the outer wall, adiabatic boundary condition is used.

Uniform velocity and uniform temperature are also con-

sidered at both tube and annulus entrances, while zero

relative pressure is utilized at the outlets. Additionally, the

no-slip condition is employed on the inner and outer walls.

Mathematically, all the boundary conditions are repre-

sented as follows:

Flow inlet:

u~¼ u~0; T ¼ T0 ð6Þ

Flow outlet:

p ¼ p0 ð7Þ

At the outer wall:

u~¼ 0;
oT

on
¼ 0 ð8Þ

At the inner wall:

u~¼ 0 ð9Þ

Reynolds number for the flow of nanofluid (Renf) and

water (Rew) through the tube side and annulus side,

respectively, can be calculated as:

(a)
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Fig. 1 Results obtained from the developed models in comparison

with the experimental data: a thermal conductivity and b viscosity

[24]

Table 1 Characteristics of the studied Newtonian nanofluid samples

uCNT=% ¼ 0:1% uCNT=% ¼ 1:35%

uM=% uM=%

0.1 0.3 0.5 0.7 0.9 0.1 0.3 0.5 0.7 0.9

lnf � 104=kgms�1 8.15 9.48 11.08 12.81 14.48 11.33 13.03 14.61 15.95 17.01

knf=WmK�1 0.691 0.725 0.739 0.759 0.794 0.703 0.759 0.772 0.866 0.902
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Renf ¼
qnfuin;nfDh;nf

lnf
ð10Þ

Rew ¼ qwuin;wDh;w

lw
ð11Þ

where Dh;nf is the hydraulic diameter of the inner tube

¼ 2rið Þ, Dh;w is the hydraulic diameter of the annulus

(¼ 2 ro � rið Þ), uin;nf is the inlet velocity of the nanofluid,

and uin;w is the inlet velocity of the water. In addition, ri
and ro are the inlet radius and outlet radius of the heat

exchanger, respectively.

Considering the facts that the outer wall of the heat

exchanger is adiabatic and the problem under consideration

is steady state, the rate of heat transfer to the nanofluid

from the hot water is equal to that of the hot water

according to the conservation of energy ( _Qnf ¼ _Qw ¼ _Q)
which are obtained as [26]:

_Qnf ¼ _mnfcp;nf Tout � Tinð Þnf ð12Þ
_Qw ¼ _mwcp;w Tin � Toutð Þw ð13Þ

where _mnf and _mw are mass flow rate of the cold nanofluid

and the hot water, respectively.

The overall heat transfer coefficient is given as [26]:

U ¼
_Q

ADTLMTD

ð14Þ

where A is the internal tube area, and DTLMTD is the log-

arithmic mean temperature difference computed as [26]:

DTLMTD ¼ DT2 � DT1
ln DT2=DT1ð Þ ð15Þ

where DT1 ¼ Tin;w � Tout;nf and DT2 ¼ Tout;w � Tin;nf One

way of measuring the performance of a heat exchanger is to

compute its effectiveness. The heat exchanger effective-

ness is the ratio of the actual heat transfer rate to the

maximum possible one given as [26]:

e ¼
_Q

_Qmax

¼
_Q

Cmin Tin;w � Tin;nf
� � ð16Þ

where Cmin represents the minimum heat capacity rate

given as [26]:

Cmin ¼ min Cw;Cnf½ � ð17Þ

Here, Cw and Cnf are, respectively, heat capacity rates of

the water and the nanofluid defined as [26]:

Cw ¼ _mwcp;w ð18Þ

Cnf ¼ _mnfcp;nf ð19Þ

The minimum heat capacity rate is obtained for the

nanofluid, and hence, the effectiveness is calculated as

[26]:

e ¼ Tout;nf � Tin;nf

Tin;w � Tin;nf
ð20Þ

The rate of energy consumption required to pump the

nanofluid into the heat exchanger is given as [26]:

_W ¼ _VDp ð21Þ

where _V is the volumetric flow rate, and Dp is the pressure

drop of nanofluid obtained as [20]:

Dp ¼
qnf fLu

2
in;nf

2Dh;nf
ð22Þ

where L is the length of heat exchanger and f is the friction

factor defined as f ¼ 64
Renf

[20].

The Nusselt number of nanofluid can be computed

through the following equation:

Nu ¼ hDh;nf

knf
¼

_Q

pLknf Ts � Tb;nf
� � ð23Þ

where h is the convective heat transfer coefficient of the

nanofluid, Ts is the wall temperature, and Tb;nf is the bulk

temperature of the nanofluid.

The performance evaluation criterion (PEC) is a flow

criterion which examines the Nusselt number enhancement

of nanofluid compared to the base fluid at equal pumping

power [27]:

PEC ¼ Nu=Nubfð Þ
f=fbfð Þ1=3

ð24Þ

Water 
 outlet

Nanofluid 

Water 

 outlet

 intlet

 intlet

 x

 ri = R

 r0

Nanofluid 

Adiabatic

Axis

Fig. 2 The mini-channel heat

exchanger under study
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Numerical method and validation

Finite volume method is used to solve the governing

equations employing the SIMPLE method for pressure and

velocity coupling. The second-order upwind method is

used to discretize the convective and diffusion terms using

the finite volume method. The convergence criteria are also

set to 10-6. As shown in Fig. 3, a structured quad-based

mesh was used throughout the domain with a more grid

density near the wall. The grid independence study was

carried out by considering the numerical results of six

different grid resolutions. The results of this investigation

are summarized in Table 2. It should be noted that the grid

resolution was reported as number of longitudinal

nodes 9 number of radial nodes in central tube 9 number

of radial nodes in annulus. So, by comparing the results, the

grid with resolution of 1000 9 35 9 35 was chosen. To

verify the present numerical procedure, the results are

compared with the experimental data of Duangthongsuk

and Wongwises [28] for TiO2–water nanofluid in a double-

pipe heat exchanger shown in Fig. 4. Good agreement

between the present results and Ref. [28] is found with the

maximum error of 5%.

Results and discussion

In this research, the influences of the shear rate and tem-

perature-dependent viscosity and the temperature-depen-

dent thermal conductivity on the hydrothermal

characteristics of Fe3O4/CNT/water hybrid nanofluid

flowing inside a double-pipe heat exchanger are evaluated

and compared with those obtained by regarding the hybrid

nanofluid as a Newtonian fluid with constant thermal

conductivity and viscosity. The simulations are conducted

at magnetite concentration range of 0.1–0.9%, CNT con-

centration range of 0–1.35%, Reynolds number range of

500–2000 for the tube side, and constant Reynolds number

of 1000 for the annulus side. The inlet temperature of the

nanofluid and water is considered as 298 K and 308 K,

respectively. Note that the results of the non-Newtonian

and Newtonian Fe3O4/CNT/water hybrid nanofluids will be

reported by letters ‘NN’ and ‘N’, respectively.

Figure 5 illustrates the variations of viscosity ratio

(lnf;NN=lnf;N) for uM ¼ 0:7% and uCNT ¼ 0:7% at three

different cross sections (i.e., x = 0.1 m, x = 0.5 m, and

x = 0.9 m). For Renf ¼ 500, by increasing the distance

from the tube axis, viscosity of the non-Newtonian hybrid

nanofluid diminishes severely at first, and then, its

descending trend continues at a milder slope, and degree of

variations increases with the increase in distance from the

tube inlet. Near the tube axis, due to small values of shear

rate and temperature, viscosity is high. However, by

moving away from the tube axis toward the tube wall, both

shear rate and temperature increase and consequently vis-

cosity reduces. The results for Renf ¼ 2000 indicate that by

moving away from the central regions of tube toward the

tube wall, viscosity reduces and degree of viscosity vari-

ation is lower than that for Renf ¼ 500. By increasing the

Reynolds number at a fixed concentration, the thickness of

velocity boundary layer reduces, and therefore, the velocity

gradient increases. Therefore, there are two reasons for the

negligible changes of viscosity in central regions of tube at

cross section x = 0.1 m. The first reason is that the shear

rate is greater than 60 s-1 at most of points of this section,

and consequently, fluid viscosity is constant. The second

reason is that the thickness of thermal boundary layer in

this area is small, which causes constant temperature of the

hybrid nanofluid in central regions of tube, and thus, vis-

cosity remains unchanged. By moving away from the tube

inlet, the thermal boundary layer grows which augments

the temperature of the nanofluid in vicinity of the tube wall

and thus reduces the viscosity. Therefore, the velocity of

nanofluid diminishes near the tube wall and increases at the

tube axis, i.e., the velocity profile becomes flatter. As a

result, the amount of shear rate increases near the tube wall

and diminishes near the tube axis, which causes viscosity to

diminish near the tube wall and increase near the tube axis.

Therefore, it can be said that by moving away from the

tube axis, viscosity of the non-Newtonian hybrid nanofluid

near the tube wall diminishes; however, its behavior near

the tube axis depends on whether the effect of viscosity

reduction due to the rise of temperature is greater or the

effect of viscosity increases due to the reduction of velocity

gradient. Therefore, it is concluded that the effect of tem-

perature increase overcomes the effect of temperature

gradient reduction, and viscosity of the non-Newtonian

nanofluid diminishes by moving away from the tube inlet.

Furthermore, Fig. 5a, b shows that viscosity of the non-

Newtonian nanofluid diminishes with the increase in

Reynolds number. This can be justified based on the

reduction of the velocity boundary layer thickness with

increasing Reynolds number, which leads to the increase in
Fig. 3 Structured non-uniform grid for the computational domain
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velocity gradient and thus the reduction of fluid viscosity.

In addition, the comparison between the viscosities of the

Newtonian and non-Newtonian hybrid nanofluids indicates

that in central regions of the tube, viscosity of the non-

Newtonian nanofluid is greater than that of the Newtonian

nanofluid; however, in vicinity of the tube wall, the New-

tonian fluid has a higher viscosity and by moving away

from the tube inlet, the region in which viscosity of the

Newtonian nanofluid is greater becomes vaster, since the

viscosity of the non-Newtonian nanofluid diminishes by

moving away from the tube wall. Both the temperature and

shear rate are higher near the tube wall than the tube axis.

Therefore, both of these factors lead to the viscosity

reduction of the non-Newtonian nanofluids, while the

opposite is true near the tube axis.

Figure 6 displays the variations of thermal conductivity

ratio (knf;NN=knf;N) for uM ¼ 0:7% and uCNT ¼ 0:7% at

three different cross sections (i.e., x = 0.1 m, x = 0.5 m,

and x = 0.9 m). For Renf ¼ 500, by moving away from the

tube axis toward the tube wall, thermal conductivity of the

non-Newtonian nanofluid increases continually due to the

higher temperature of nanofluid near the wall. The

improvement of thermal conductivity with the increase in

distance from the tube inlet is due to the higher nanofluid

temperature resulting from the increase in heat transfer to

the nanofluid. Similar observations exist for Renf ¼ 2000,

with the difference that the slope of thermal conductivity

increment near the tube wall is greater for Renf ¼ 2000.

This is due to the rise of nanofluid temperature near the

tube wall, resulting from the lower thermal boundary layer

thickness that occurs because of the flow velocity

enhancement. Moreover, the comparison between thermal

conductivity of the Newtonian and non-Newtonian

nanofluids shows that thermal conductivity of the non-

Table 2 Grid independence

study for non-Newtonian Fe3O4/

CNT/water hybrid nanofluid at

uM ¼ 0:9%, uCNT ¼ 1:35%,

and Renf ¼ 2000

Grid _Q=W Percentage difference Dp=Pa Percentage difference

800 9 25 9 25 33.92 120.1

900 9 30 9 30 35.82 5.6 125.5 4.5

950 9 30 9 30 37.06 3.5 129.1 2.9

1000 9 30 9 30 37.92 2.3 132.1 2.3

1000 9 35 9 35 38.23 0.8 133.7 1.2

1100 9 35 9 35 38.51 0.7 134.6 0.67
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Fig. 4 Comparison between results obtained from the present study

and experimental results of Ref. [28]
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Fig. 5 Viscosity ratio for uM ¼ 0:7% and uCNT ¼ 0:7% at three

different cross sections for a Renf ¼ 500 and b Renf ¼ 2000
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Newtonian nanofluid is always greater than that of the

Newtonian nanofluid; however, the difference between

thermal conductivities of the nanofluids reduces with the

increase in Reynolds number. Considering the facts that the

inlet temperature of nanofluid is 25 �C, and the thermal

conductivity improves with the rise of temperature, it was

predictable for the thermal conductivity of non-Newtonian

nanofluid to always surpass that for the Newtonian nano-

fluid. In addition, increasing the Reynolds number reduces

the thermal boundary layer thickness, and consequently,

the internal layers of nanofluid are affected more slowly by

wall temperature. This reduces the nanofluid temperature

and thereby reduces the thermal conductivity of non-

Newtonian nanofluid.

Figure 7 demonstrates the difference between the pres-

sure drop of the Newtonian and non-Newtonian Fe3O4/

CNT/water hybrid nanofluids (dDp ¼ Dpð ÞNN� Dpð ÞN
Dpð ÞN

� 100) in

terms of magnetite concentration at different Reynolds

numbers. It is seen that the pressure drop of the non-

Newtonian nanofluid is always less than that of the New-

tonian nanofluid. The minimum pressure drop difference

(1.5%) is obtained at uM ¼ 0:9%, uCNT ¼ 1:35%, and

Renf ¼ 2000, while the maximum difference (9.71%)

occurs at uM ¼ 0:5%, uCNT ¼ 0:1%, and Renf ¼ 500.

Additionally, it is observed that the difference between the

pressure drop of the Newtonian and non-Newtonian

nanofluids reduces with the increase in Reynolds number.

According to Fig. 5, this is caused by the reduction in the

difference between the average viscosity of the Newtonian

and non-Newtonian nanofluids by increasing the Reynolds

number. Furthermore, at uCNT ¼ 0:1%, the pressure drop

difference augments when the magnetite concentration

increases from 0.1 to 0.3% and then reduces by the further

increment of magnetite concentration, while for

uCNT ¼ 1:35%, the increase in magnetite concentration

results in the reduction in the pressure drop difference.

Besides, at uM ¼ 0:1%, the pressure drop difference rises

(a)

(b)

1

1.02

1.04

1.06

0 0.02 0.04 0.06 0.08 0.1

k n
f,N

N/k
nf

,N

r/ri

x = 0.1 m
x = 0.5 m
x = 0.9 m

1

1.01

1.02

1.03

1.04

1.05

0 0.02 0.04 0.06 0.08 0.1

k n
f,N

N/k
nf

,N

r/ri

x = 0.1 m
x = 0.5 m
x = 0.9 m

Fig. 6 Thermal conductivity ratio for uM ¼ 0:7% and uCNT ¼ 0:7%
at three different cross sections for a Renf ¼ 500 and b Renf ¼ 2000

(a)

(b)

– 14

– 12

– 10

– 8

– 6

– 4

– 2

0.1 0.3 0.5 0.7 0.9

d ∆
p
/%

φM/%

Re = 500

Re = 1000

Re = 2000

– 10

– 8

– 6

– 4

– 2

0

0.1 0.3 0.5 0.7 0.9

d ∆
p
/%

φM/%

Re = 500

Re = 1000

Re = 2000

Fig. 7 Pressure drop at different Reynolds numbers in terms of

magnetite concentration at a uCNT ¼ 0:1% and b uCNT ¼ 1:35%

1038 A. Shahsavar et al.

123



with increasing CNT concentration from 0.1 to 1.35%,

while the opposite is true at higher magnetite concentra-

tions. According to Eq. (22) and by considering the fact

that the non-Newtonian and Newtonian nanofluids have the

same density and friction factor at an identical Reynolds

number, the difference between the pressure drop of the

Newtonian and non-Newtonian nanofluids is only due to

the difference between their viscosities. It can be con-

cluded from the presented results that the assumption of

constant thermal conductivity and viscosity of the hybrid

nanofluid, at a low Reynolds number, leads to large errors

in the computation of pressure drop; however, the obtained

error decreases with the increase in Reynolds number.

The effects of magnetite concentration on the difference

between the heat transfer rate of the Newtonian and non-

Newtonian Fe3O4/CNT/water hybrid nanofluids

(dQ ¼ _QNN� _QN

_QN

� 100) at different Reynolds numbers are

illustrated in Fig. 8. It is seen that the heat transfer rate of

the non-Newtonian hybrid nanofluid is greater than that of

the Newtonian nanofluid. The minimum difference (0.31%)

is achieved at uM ¼ 0:9%, uCNT ¼ 1:35%, and

Renf ¼ 500, while the maximum difference (1.23%) occurs

at uM ¼ 0:1%, uCNT ¼ 1:35%, and Renf ¼ 1000. Addi-

tionally, it is observed that with the increase in Reynolds

number, the difference between the heat transfer rate of the

non-Newtonian and Newtonian nanofluids increases first

and then decreases. Increasing the Reynolds number

reduces the thermal conductivity and the thermal boundary

layer thickness of the non-Newtonian nanofluid, which,

respectively, reduces and increases the rate of heat transfer.

In view of Fig. 8, it can be realized that at Renf ¼ 1000, the

effect of reducing the thickness of thermal boundary layer

is dominant in comparison with the reduction of thermal

conductivity, and therefore, the difference between the heat

transfer rate of the Newtonian and non-Newtonian

nanofluids increases. Meanwhile, for Renf ¼ 2000, the

reduction of thermal conductivity is dominant, which

causes a decrease in the difference between the heat

transfer rate of the non-Newtonian and Newtonian

nanofluids. Moreover, Fig. 8 reveals that at magnetite

concentrations of 0.1% and 0.3%, increasing the CNT

concentration from 0.1 to 1.35% leads to an increase in the

difference between the heat transfer rate of the Newtonian

and non-Newtonian nanofluids, whereas the opposite is

true for higher magnetite concentrations. Increasing the

magnetite concentration leads to the increase in thermal

conductivity of the non-Newtonian nanofluid and therefore

the increase in nanofluid outlet temperature, and eventually

to the increase in difference between the heat transfer rate

of the non-Newtonian and Newtonian nanofluids. Further

increasing the magnetite concentration leads to the

decrease in the difference between the thermal conductivity

of the non-Newtonian and Newtonian nanofluids and

therefore the decrease in the heat transfer rate difference.

The results also show that there is no specific pattern on the

relationship between the difference in the heat transfer rate

of the Newtonian and non-Newtonian nanofluids and the

magnetite concentration.

Figure 9 shows the difference between the overall heat

transfer coefficient of the Newtonian and non-Newtonian

Fe3O4/CNT/water hybrid nanofluids (dU ¼ UNN�UN

UN
� 100)

in terms of magnetite concentration at various Reynolds

numbers. It is clear that the overall heat transfer coefficient

of the non-Newtonian hybrid nanofluid is greater than that

of the Newtonian nanofluid. The minimum difference of

the overall heat transfer coefficients (0.58%) is obtained at

uM ¼ 0:9%, uCNT ¼ 1:35%, and Renf ¼ 2000, while the

maximum difference (2.91%) is achieved at uM ¼ 0:1%,

uCNT ¼ 1:35%, and Re ¼ 500. Furthermore, the results

depicted that the variations of difference between the
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magnetite concentration at a uCNT ¼ 0:1% and b uCNT ¼ 1:35%
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overall heat transfer coefficient of the Newtonian and non-

Newtonian nanofluids with the magnetite and CNT con-

centrations are similar to that of the difference between the

heat transfer rates of these nanofluids. According to the

results presented in Fig. 9, it can be concluded that the

difference between the overall heat transfer coefficient of

the Newtonian and non-Newtonian nanofluids is less than

3%, which is not significant.

The impacts of magnetite concentration on the differ-

ence between the effectiveness of the heat exchangers

containing Newtonian and non-Newtonian Fe3O4/CNT/

water hybrid nanofluids (de ¼ eNN�eN
eN

� 100) at different

Reynolds numbers are illustrated in Fig. 10. In view of

Eq. (16), it can be realized that the trend of effectiveness

variations is similar to that of the heat transfer rate varia-

tions. Therefore, all the conclusions reached above

regarding the heat transfer rate are also true for the

effectiveness.

The pumping power indicates the amount of energy

utilized in a heat exchanger. Figure 11 depicts the differ-

ence between the pumping powers of the Newtonian and

non-Newtonian Fe3O4/CNT/water hybrid nanofluids

(dU ¼ UNN�UN

UN
� 100) in terms of magnetite concentration

at different Reynolds numbers. It is seen that at a constant

Reynolds number, the non-Newtonian hybrid nanofluid

always requires less pumping power than the Newtonian

nanofluid. The minimum pumping power difference (1.5%)

is obtained at uM ¼ 0:9%, uCNT ¼ 1:35%, and

Renf ¼ 2000, while the maximum difference (9.71%)

occurs at uM ¼ 0:5%, uCNT ¼ 0:1%, and Renf ¼ 500. In

view of Eq. (21), and considering the same average

velocity for the Newtonian and non-Newtonian nanofluids

at similar Reynolds numbers, the difference between the

pumping power of the Newtonian and non-Newtonian

nanofluids is only related to the difference between their

pressure drops. Therefore, at a low Reynolds number, the
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assumption of constant properties leads to a considerable

increase in the pumping power of heat exchangers, whereas

the difference reduces with increasing Reynolds number.

The influences of magnetite concentration on the dif-

ference between the PEC of the heat exchangers containing

Newtonian and non-Newtonian Fe3O4/CNT/water hybrid

nanofluids (dPEC ¼ PECNN�PECN

PECN
� 100) at different Rey-

nolds numbers are displayed in Fig. 12. It is observed that

the heat exchanger containing Newtonian nanofluid has a

higher PEC than that containing non-Newtonian nanofluid.

The minimum difference (18.24%) is obtained at

uM ¼ 0:1%, uCNT ¼ 1:35%, and Renf ¼ 500, while the

maximum difference (19.60%) is achieved at uM ¼ 0:9%,

uCNT ¼ 1:35%, and Renf ¼ 2000. Moreover, it is seen that

the difference between the PEC of the heat exchangers

containing Newtonian and non-Newtonian nanofluids

increases with the increase in Reynolds number. In addi-

tion, at uCNT ¼ 0:1%, the PEC difference reduces when the

magnetite concentration rises from 0.1 to 0.5% and then

augments by the further increment of magnetite concen-

tration, while for uCNT ¼ 1:35%, the increase in magnetite

concentration results in the increase in the PEC difference.

Moreover, at uM ¼ 0:1%, the PEC difference reduces with

the increase in CNT concentration from 0.1 to 1.35%,

while the opposite is happened at higher magnetite con-

centrations. It can be said that the assumption of constant

properties of the Fe3O4/CNT/water hybrid nanofluid leads

to large errors in the computation of PEC.

Finally, in order for the readers to be able to reproduce

the results and to make clear comparisons, the heat transfer

rate, pumping power, friction factor, and Nusselt number of

Newtonian and non-Newtonian nanofluids at Renf ¼ 2000

are tabulated in Table 3.
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Fig. 11 Pumping power of heat exchanger at different Reynolds

numbers in terms of magnetite concentration at a uCNT ¼ 0:1% and b
uCNT ¼ 1:35%
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different Reynolds numbers in terms of magnetite concentration at

a uCNT ¼ 0:1% and b uCNT ¼ 1:35%
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Conclusions

In this research, the hydrothermal performance of the non-

Newtonian Fe3O4/CNT/water hybrid nanofluid considering

temperature-dependent thermal conductivity and viscosity is

numerically evaluated in a double-pipe mini-channel heat

exchanger compared with the Newtonian Fe3O4/CNT/water

nanofluid with constant thermal conductivity and viscosity.

The comparison is used in order to find how the assumption

of constant thermophysical properties of a hybrid nanofluid

affects the hydrothermal characteristics in a double-pipe

heat exchanger. The obtained results show that in central

region of the tube, the non-Newtonian hybrid nanofluid has a

higher viscosity compared to the Newtonian nanofluid,

while the opposite is true in vicinity of the tubewall. Besides,

it is found that the non-Newtonian hybrid nanofluid always

has a higher thermal conductivity than the Newtonian

nanofluid. In addition, it is seen that the heat transfer rate,

overall heat transfer coefficient, and effectiveness of the

non-Newtonian hybrid nanofluid are greater than those of the

Newtonian hybrid nanofluid, while the opposite is true for

the pressure drop, pumping power, and performance evalu-

ation criterion. The difference between the heat transfer rate,

overall heat transfer coefficient, effectiveness, and perfor-

mance evaluation criterion of Newtonian and non-Newto-

nian hybrid nanofluids augments with the increase in

Reynolds number, whereas the difference between the

pressure drop and pumping power of nanofluids reduces with

increasing Reynolds number. Furthermore, increase in

magnetite and CNT concentrations has no particular effect

on the considered parameters. Finally, it can be concluded

that by supposing that the Fe3O4/CNT/water hybrid nano-

fluid is a Newtonian fluid with constant thermal conductivity

and viscosity, large errors occur in the computation of

pressure drop (1.5–9.71%), pumping power (1.5–9.71%),

and performance evaluation criterion (18.24–19.60%),

whereas the errors in the computation of heat transfer rate

(0.31–1.23%), overall heat transfer coefficient

(0.58–2.91%), and effectiveness (0.31–1.23%) are not

considerable. The results of this study could provide

guidelines to better understand the real behaviors of hybrid

nanofluids in heat exchangers.
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