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ARTICLE INFO ABSTRACT
Keywords: The thermo-fluidic properties and entropy generation in a tube comprising nanofluid under variable rotational
Nanofluid magnetic field have not been studied earlier. In the current study, the influence of a rotating magnetic field is

Magnetic field
Mixture model
Entropy generation

evaluated by using mixture model at four different pump power for three cases. A steady-state, Newtonian Ag/
water nanofluid, incompressible, and 3D model have been supposed. The influence of pump power variation and
using nanofluid are studied. Results indicated that by raising the pump power for three cases, the Nusselt number
enhances, and Bejan number, the friction factor, and dimensionless temperature decreases. The rotating mag-
netic field for the Case III in comparison to the Case I and Case I at 60 W and 0.5 % volume fraction of nanofluid,
enhanced the Nusselt number by 356.3 % and 12.42 %, respectively. In the presence of 0.5 % nanofluid at 60 W
pump power, the friction factor increases by 103.5 % compared to Case I, with the same fluctuations observed in
Cases II and III. The maximum dimensionless temperature reached 0.575 for Case III at a power of 30 W using
water. A rotating magnetic field of 60 W raised PEC by 219.44 % and 261.11 % for Cases II and III, respectively,
compared to Case 1.

offer a potential path to low energy consumption and carbon neutrality
[15]. Fan et al. [16] carried out an empirical analysis on the particle
fouling qualities of magnetic Fe304-Hy0-AG nanofluids in order to
completely discuss the viability of their application in heat exchange
systems. On the fouling characteristics, the effects of several factors were
examined. The outcomes indicated that a high Reynolds number, a static
parallel magnetic field (MF) with a higher flux density, and a tube with a
twisted turbulator illustrate lower fouling thermal resistance. Mousavi
et al. [17] utilized the finite volume method (FVM) with the SIMPLEC
algorithm to explore the impact of a magnetic field variation on the
thermal behavior of a sinusoidal double pipe heat exchanger (HE)
including Fe304 nanofluid. Results reveal that diffusion improves as the
magnetic field intensity enhances. Bezaatpour and Goharkhah [18]
presented an innovative strategy to decrease the pressure drop and
enhance the convective heat transfer in a double-pipe HE under a MF.
Results indicate that the MF raise heat transfer up to 320 % with a little
enhancement in pressure drop. Shakiba and Vahedi [19] analyzed the
hydro-thermal characteristics of Fe3O4 in a double pipe HE in the

1. Introduction

Thermal field and entropy generation are important concepts in the
field of thermodynamics, which are essential in understanding the
behavior of fluids and their interactions with their surroundings [1-4].
With the advancement of technology, researchers have been exploring
new ways to enhance the heat transfer capabilities of fluids, leading to
the development of nanofluids. The study of nanofluids, which are fluids
containing suspended nanoparticles, has gained significant attention in
recent years due to their potential applications in various fields, such as
heat transfer, manufacturing, energy storage, and biomedicine [5-9].
These are suspensions of nanoparticles in a base fluid, which have shown
promising results in improving thermal performance. Also, one area of
research that has been of particular interest is the influence of a mag-
netic field on the thermal field and entropy generation of the nanofluids
[10-14]. In the science of heat transfer, magnetic nanofluids, a novel
kind of heat transfer medium, have garnered a lot of interest since they
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Nomenclature

Dy The hydraulic diameter of the tube (m)
k Thermal conductivity (W/m. K)

h Heat transfer coefficient (W/m?. K)

f Friction factor

L Length (mm)

U Non-dimensional velocity

Be Bejan number

Io Tube radius

q Heat Flux (W)

Cp Specific heat (J/kg. K)

P Pressure (Pa)

T Temperature (°C)

u; Mean velocity components in the x; direction (m/s)
X; Cartesian coordinates (m)

Ty Bulk temperature (K)

Tw Wall temperature (K)

Nu Nusselt number

Bo Magnetic field strength (T)

Sgent Thermal entropy generation

Sgen,p Frictional entropy generation

Sgen‘M Entropy generation generated by magnetic field
AP Pressure drop (Pa)

Greek Symbols

0 Dimensionless temperature
u Dynamic molecular viscosity
p Density (kg/m3)

@ Volume Fraction (%)

0 Pump power (W)

® Rotational velocity

c Electrical Conductivity (Q. m)-1
Subscripts

nf Nanofluid

np Nanoparticle

f Fluid

m Mixture

presence of a non-uniform lateral MF with variable intensities. It is
concluded that a non-uniform lateral MF is able to control the flow of
nanofluid and enhance the heat transfer ratio of a double pipe HE. Ma
et al. [20] analyzed the thermal behavior of thermo-gravitational con-
vection in a shell and tube HE using FesO4/water nanofluid under MF
effect. Based on their study, the energy transport rate indicates an in-
verse relation with the Ha number, however, a direct dependency with
the MF tilt angle.

Hosseinizadeh et al. [21] studied the performance of the HE
comprising a triple tube under a uniform MF at different configurations.
It is indicated that employing a MF is impressive for raising the heat
transfer rate and the triple tube heat exchanger efficiency. In Azizi
et al.’s [22] research, the utilization of the non-uniform MF on the rate
of heat transfer of double tube HE with various geometries containing
nanofluids is comprehensively investigated. The outcomes reveal that
the magnetic source amplifies the rotation flow in the slit of the inner
tube, and consequently, heat transfer is enhanced in the area.
Sodagar-Abardeh et al. [23] investigated laminar incompressible flow
and combined convection in a space under an axial MF. The outcomes
show that an enhancement in the Ha number reduces the average local
Nu number. Chu et al. [24] utilized FVM to numerically investigated the
thermos-fluid characteristics through the 180° elbow pipe under a
non-uniform MF. Their findings indicate enhancing the magnetic in-
tensity raises the average Nusselt number to 30 %. Alnaqi et al. [25]
investigated the impacts of MF and radiation on the entropy generation
and heat transfer rate in a cavity with a conductor fin. It was also found
that enhancing the radiation parameter at higher Ra numbers enhances
the entropy generation and Nu number and reduces the Bejan number.
Hosseini and Sheikholeslami [26] evaluated the thermal efficiency and
thermodynamics law in a microchannel under a MF. Based on their re-
sults, involving magnetic field decreases the entropy generation. Seli-
mefendigil and Oztop [27] numerically studied the natural convection
in a cavity comprising various shaped obstacles under the result of a
uniform MF and uniform heat using nanofluids. With rising Ha number
values, the impact of heat transfer reduces with two shapes of obstacles
compared to the case without obstruction is less impressive. Bahiraei
and Hangi [28] used the two-phase method to examine the behavior of a
water-based Mn-Zn magnetic nanofluid in double-pipe HE in a quad-
rupole MF. In their study, the impact of magnetic force is decreased at
higher Re numbers. Khetib et al. [29] investigated the entropy genera-
tion and natural convection in the enclosure under a MF and radiation
impacts using MgO/Water nanoliquids. Additionally, any modifications
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to the enclosure angle and MF had a variety of consequences on the heat
transition. According to the findings, increasing the size of the blade first
increased and then decreased the heat transition ratio and generated
entropy. Last but not least, raising the fin always raised the Be. Heat
transition of the magnetic nanoliquid in a tube under a non-uniform MF
is studied by Hariri et al. [30]. Results reveal that Nusselt number en-
hances under the MF. Also, diffusion increases by enhancing the volume
fraction of Fe3O4 nanoparticles. Safarzadeh et al. [31] estimated entropy
generation in a helically coiled tube utilizing micro-fin tube under the
MF. For water and nanoliquid, respectively, the helically coiled tube
with diameters of 90 and 135 mm are the best cases from an energy
standpoint among the other coils at a set pitch.

Chamkha et al. [32] evaluated the natural convection and entropy
generation in a C-shaped cavity containing CuO-water nanofluid under a
uniform MF. It is discovered that the used MF can reduce the rate of both
entropy generation and natural convection, with the reduction in total
entropy generation for Ra = 1000 and = 0.04 decreasing from 96.27 %
to 48.17 % for Ha = 45 when the aspect ratio is raised from 0.1 to 0.7.
Shah et al. [33] analyzed the entropy optimization of a hybrid nano-
liquid inside a wavy cavity under an ambient constant MF. The medium
porosity and increasing Lorentz forces cause the Bejan number to in-
crease. With increasing buoyancy forces and mild porosity, the average
Nu number raises while falling with a stronger MF. Numerical research
is done by Selimefendigil et al. [34] on the mixed convection of CuO/-
water nanoliquid in an enclosure with upper and lower triangular areas
under the influence of inclined MF. It has been found that when the
triangular domains’ Richardson and Ha numbers raise, the local and
averaged heat transfer deteriorates. In comparison to the lower trian-
gular region, the averaged transfer degrades more as the Ha number and
magnetic angle of the top triangle grow. Aydin et al. [35] experimentally
analyzed the magnetic flux density of NiFe,O4 nanoparticles concen-
tration in water on the thermal behavior of a heat pipe. The highest
increment in the heat pipe’s thermal resistance was derived as 30.4 %,
by NiFey04/water nanoliquid utilization under a MF.

Pour Razzaghi et al. [36] evaluated the thermal performance and
irreversibilities in LS-3 solar collector equipped with the rotary twisted
tape and exposed the line dipole magnetic field. Dipole magnetic field
enhances convective heat transfer coefficient (CHTC) over 97 % at B =
100 G. Selimefendigil and Oztop [37] evaluated the impact of a tilted
MF and porous cylinders in a cavity using Finite Element Method (FEM).
The numerous cylinders with the maximum permeability show an
average heat transfer variance of up to 19.8 %. In laminar flow with
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Fig. 1. Proposed geometry of the investigation.

subjected to permanent MFs, Mehrali et al. [38] examined the
thermos-fluid characteristics of hybrid graphene-magnetite nanoliquids.
The experimental findings showed that, in the absence of a MF, the heat
transfer enhancement of hybrid magnetite nanoliquid over distilled
water was minimal. Moreover, under a MF, the characteristics of heat
transport have greatly enhanced. Pordanjani et al. [39] looked into the
impact of radiation on the rate of CHTC and the creation of nanofluid
entropy in a diagonal, rectangular chamber with a MF. The findings
indicate that as the Ra number increases and the Ha number lowers, the
Nu number and entropy generation raise while the Bejan number falls.
The Bejan number raises while the heat transfer rate and entropy for-
mation decrease as the MF’s angle is increased. In a curved tube with a
MF, Aminfar et al. [40] demonstrated the impact of a MF on the mixed
convection. Based on the findings, the CHTC may be improved by uti-
lizing a tube with curves rather than a straight tube, adding nano-
particles with magnetic properties to the base fluid, and generating an
external MF. It is determined that heat transition is improved owing to
secondary flow enhancement and thermal conductivity enhancement.
The thermos-fluid entropy generation and characteristics in a tube
contained nanofluid under a variable rotating MF has not been studied
so far. Due to its potential applications in physics, medical science, and
engineering, the current research studies the impact of a rotating MF at
three dimensionless velocities, i.e., Case I: static uniform magnetic field;
Case II: rotating magnetic field with constant dimensionless velocity;
and Case III: rotating magnetic field with twice the velocity of Case II, on
a tube including Ag/water nanofluid. In this study for the first time, an
incremental rotating magnetic field has been applied to a tube and its
effect on Be, f, Nu, 6 and PEC has been investigated. Looking at past
studies, we find that most of the previous works were done in two di-
mensions and with simplifying assumptions [41-43]. The idea of
magneto-hydrodynamics that stems from managing thermal behavior or
controlling the viscosity property of liquids is what piques interest in
these challenges. Examples in the metallic processing industry include
liquid metal control in continuous casting, plasma welding, electrolytic
hall cells for aluminum smelting, electromagnetically supported melts,
and many more. Magneto science also covers the application of the
magnetic field in medical science. Presently, instead of the previously
available medicine, which has negative effects, exposing a person to a
magnetic field may enhance blood flow throughout their body. The
experiment in the hostile environment found in any of these applications
is extremely tough to complete [44]. The thermodynamics’ first and
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Table 1
The nanoparticles’ thermophysical properties [45,46].
Heat Viscosity Density Electrical Thermal
capacity (kg. m™ % (kg. Conductivity conductivity
J.kgt.  sTH m~%) (Qm)™! (W.m LK
K'Y
Ag 235 - 10500 6.3x107 429
Water 4179 0.003001 997.1 5.5x107° 0.613

second laws are estimated using the two-phase model.
2. Numerical model

The proposed geometry is demonstrated in Fig. 1.
The considered assumptions for this simulation are listed below.

2.1. Assumptions

o A steady-state, Newtonian Ag/water nanofluid, incompressible, and
3D model have been supposed.

o Ag/water nanofluid has been considered as the working fluid.

e No temperature jumps in boundaries was assumed.

e The solution conducted by Pressure Based solver.

Additionally, the thermal and physical properties of the proposed Ag
nanoparticles and water base fluid are mentioned in Table 1.

2.2. Governing equations and measurements parameters
In base fluid, nanoparticle distribution is thought to be homoge-

neous. The governing equations are as follows:
Continuity equation [47,48]

aui
i @
Where u is flow velocity (m/s).
Momentum equation [49]
auin - 1 oP 7} 0uj alli aBo
o pox 6_36.-((1/_'/[)(0_&_6_&))”0—& @
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Where is v is kinematic viscosity (m/s?), pdensity (kg/m?®), By is mag-
netic field (T), P is pressure (Pa), and w is rotational velocity (rad/s).
Energy equation [49]
Ut

v n)oT
Pr Pr,/ ox;

Where T and Pr are temperature (K) and Prandtl number, respectively.
Turbulent kinetic energy [49]

auiT _ i
0xi - dxi

3

0 0 ok
&[[)kuj'}:$(<ﬂ+g—;)5)+Gk+Gb—[)€+YM+Sk 4
i j ]
Turbulent dissipation rate [49]
o, 4 0 U\ oe € k
x [pew] = o ((u + ok) axj) +pC; S, +PC2k oy + CleEC&"Gb +8.
)
Where:
k2
= pCu - (6)
Gi = 1, S 7)
~1[oP] p OT
G=-7 [6T} 50,85 ax; ®
k
YM = zﬂgm (9)
C = max<0.43,”+L5> (10)
25;5; an
k=, r 12
2 -1
=y ] @
1
I=0.1Re,? a4

Ce=144-C,=19-0y=1-0.=12

Where K, €, Uayg, I, S, ji, and C,, are inlet turbulent kinetic energy, tur-
bulence dissipation rate, mean velocity of the flow, the turbulence in-
tensity, user-defined source terms, turbulent kinetic viscosity, and
empirical constant value which is about 0.09, respectively.

The thermal properties are as follows [50]:

g

"0 e - 1) o

1
Ty =5 / TdA 16)
Tp|VdA

Ty (x) = % a7
1 L

hel / h(x)dx as)
Lo

T,
R a9

Where h(x) is local convection heat transfer coefficient, T, is wall
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temperature, Ty is fluid temperature, T, is fluid bulk temperature, h is
average convection heat transfer coefficient, and 0 is dimensionless
temperature.

Also, friction factor is expressed as follow [50]:

_ 2ApDy,
CLpV2

f (20)
And the local average Nu number is defined as mentioned below
[50]:

hDj,

Nu =
Ky

(21D

The frictional entropy generation, thermal entropy generation, and
MF entropy generation defined as follows [50]:

e = /ﬁ ¢ (22)
T
S onT = @(VT)Z (23)
gen, T2
o B2U?
S”/gen.M = nfTO (24)

Eq. (25) presents the proportion of entropy generation due to the
heat transfer per the overall entropy generation that is Bejan number
[50]:

. S///gen,T 25)
B S/”gen.T + S/”gen.F + s”/gen,M
And the Performance Evaluation Criterion (PEC) [51]:
Nu/Ni
prc — Nu/No (26)

(/)3

The thermal properties of the proposed nanofluid are evaluated from
Egs. (27)-(30) [46,51]:

e Dynamic viscosity:

Ky

Hn =35 27)
1- (/))2,5
e Density:
Pm = (L= )P+ 0Pr, (28)
e Thermal conductivity:
km = ke [1+2.72¢ +4.97¢7) (29)
e Specific heat capacity:
(vG) = (1-0) (05, + 0(Gy),, (30)
e Electrical Conductivity:
(o)
gy - 31
of

(5+2)- ()

To obtain the non-dimensional velocity parameter, the following
formulation is used [52]:
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Fig. 2. The method of solving the governing equations [54].

Fig. 3. Grid generation for the proposed tube.
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H?
U:(l) (32)
as
Where:
k,
-7 (33)
(/’Cp)f

The magnitude of the velocity consists of three parts: the input ve-
locity, the velocity due to the turbulent intensity of flow, and the ve-
locity due to the circular motion of the magnetic field. The velocity
parameter is implicit in the pumping power. However, the numerical
definition of pumping power is defined [53]:

Q=AP,.V (34

where the pumping power Q2 is in terms (W), the average pressure dif-

ferenceAP; is in terms(Pa) and the magnitude of the velocity V is in
terms (%)

2.3. Boundary conditions

e No-slip condition on the wall is as follow and (z, r, 8) are the cylin-
drical coordinates:

Vr(z7r0) =0
Vo(z,10) =0
Vz(z-,rO) =0

(35)

e Inlet velocity:

V,(0,r) =0
Vz(ovr) = Vi
Vy(0,r) =0

(36)

Tlf = 1|,

or or
ki p =kl

T(z,r0) = Ty
T0,r) =T,

37)

{
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Fig. 5. Validation result of the present research with Experimental study [51].
2.4. Numerical simulation

In the present simulation, the thermo-fluid behavior of a tube con-
taining Ag/water nanofluid under a rotational MF with different ve-
locities have been investigated. The SIMPLE method and the finite
volume approach have employed for a couple of velocity and pressure
solution. The double-precision formulations and the second-order up-
wind equations variables have been utilized to solve the energy, mo-
mentum, and mass formulations accurately. Fig. 2. depicts the flowchart
of solving the governing equations.

2.5. Grid generation, sensitivity analysis, and validation

The generated mesh for the proposed tube in this research is shown
in Fig. 3. The grid sensitivity results of the present research for three
cases at 50 W pump power are demonstrated in Fig. 4. According to the
findings, promoting the number of elements leads to less error between
Nusselt numbers. To reduce the cost of the calculation and save time, the
appropriate number of elements was taken into account for this simu-
lation. Additionally, the quantity of the CHTC variations along the entire
length of the tube in the current research has been validated with the
empirical work of Wen et al. [51] to guarantee the accuracy of the
outcomes. The present outcomes and Wen et al.’s [51] findings have a
good degree of consistency, as shown in Fig. 5. The graph of y* shows
that the value of y" starts from low values located on the wall and
reaches high values with distance from the walls. By investigating the
Fig. 6 and according to the turbulence model used in this study, we
conclude that since the value of y™ near the wall is between 0 and 1 and
generally in the other parts of the grid is below 5, the grid used is fine
enough and the accuracy of the solution is confirmed.

3. Results and discussions

In the current research, the effect of employing a magnetic field in
three cases, i.e., Case I: static and motionless MF, Case II: rotating MF
with fixed dimensionless velocity, and Case III: rotating MF with twice
the velocity of the Case II, on a tube including Ag/water nanofluid, are
simulated applying the two-phase mixture model. Fig. 7 demonstrates
the Nu number variations at various pump power for water and Ag/
water nanofluid with 0.5 % volume fraction for three cases. Nusselt
number increases by improving pump power for three cases and two
types of working fluids. The Nu number is the proportion of the
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Fig. 8. Friction factor variations at different pump powers.

convection over the conduction. When the power improves, the
enhancement of the mass flow rate leads to the convection improvement
that leads to the Nusselt number enhancement. Moreover, adding Ag
nanoparticles to the water leads to the Nu number enhancement. For
Case III, the maximum Nu number was derived at 0.5 % Ag/water
nanofluid and a power of 60 W. The rotating magnetic field for the Case
IIT in comparison to the Case I and Case II at 60 W and 0.5 % volume
fraction of nanofluid, enhanced the Nusselt number by 356.3 % and
12.42 %, respectively. The turbulence intensity of flow increases and
according to the fluctuations created in the fluid, the heat transfer rate
and Nusselt number increase. Also, by comparing between cases 1 and 3,
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itis clear that increasing the rotational speed of the magnetic field has an
increasing effect on the fluctuations and turbulence intensity of flow and
increases Nusselt.

Based on Eq. (20), the friction factor has an inverse relation with
inlet velocity. By enhancing the power of pumping, the rate of mass flow
and consequently the inlet velocity are enhanced. Thus, the friction
factor declines with improved power. As shown in Fig. 8, the friction
factor was reduced by improving the pump power. Also, using a 0.5 %
volume fraction of Ag/water nanofluid as a working fluid increases the
friction factor compared to water. Moreover, the factor of friction var-
iations for Case II and Case III are the same. It seems that rotating
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Fig. 10. Changes in dimensionless temperature at different pump powers.

magnetic field velocity doesn’t affect the factor of friction, significantly.
However, the amount of factor of friction increased by 103.5 % for Case
II and Case III by using 60 W power pump and 0.5 % nanofluid
compared to Case I. As we know from the mechanics of fluids and flow
inside the pipes and channels, with the increase in velocity and mo-
mentum of the flow, the flow regime will move towards complete tur-
bulence and the friction coefficient will decrease. With the movement of

the fluid flow inside the pipe or channel, the amount of shear stress and
friction force, and as a result, f factor decreases.

As presented in Eq. (25), Be number is the thermal entropy genera-
tion over the total entropy generation that demonstrates thermody-
namic irreversibility. In the current research, by enhancing the pump
power and mass flow rate, the Be number was reduced in three cases.
The gradual expansion of the thermal boundary layer and the raise in
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velocity are the reasons of this phenomenon. The downward trend of the
Be number is similar to the thermal entropy generated due to its
dominance and the negligibility of frictional entropy generation. As
shown in Fig. 9 using nanofluid generates more entropy generation, and
the Be number increases by adding Ag nanoparticles to the water;
although, this increment is more explicit for Case I. The maximum and
minimum entropy generation were obtained at 30 W and 60 W pump
power for Case II and Case I, respectively. As we know from the second
law of thermodynamics, with increasing velocity and increasing flow
disturbances, entropy increases and directs the flow towards greater
irreversibility. From the Fig. 9 and Eq. (25), it can be seen that the
amount of entropy produced by the magnetic field in the denominator of
the fraction grows at a higher rate than the entropy produced by heat
transfer in the numerator of the fraction, as a result, Bejan has a
downward trend.

Fig. 10 illustrates the dimensionless temperature in terms of pump
power of two working fluids for three Cases. By raising mass flow rate
and pump power, the working fluid’s velocity raises significantly, which
raises the Reynolds number. By raising the Re number in a tube, the

(b)

Fig. 12. Pressure variation contours; a) Case I, b) Case III.
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amount of time needed for heat to transfer from the fluid to the inner
part of wall minimizes and as a result the dimensionless temperature
was reduced. As demonstrated in Fig. 10, improving the pump power
leads to the dimensionless temperature reduction. Also, utilizing nano-
fluid reduces the dimensionless temperature in compare with water base
fluid. Moreover, static and motionless magnetic field has a substantially
lower dimensionless temperature in compare with rotating MF (case II),
and enhancing the rotational velocity of MF (case III) improve the
dimensionless temperature about 6.66 % by using 60 W power pump
and 0.5 % nanofluid. The highest dimensionless temperature obtained
0.575 for Case III at power of 30 W by using water. As the flow velocity
increases by enhancing the pump power, it can be seen that the amount
of heat exchange between the surface and the fluid decreases and ac-
cording to the definition of 6 and the almost constant wall temperature,
the fluid temperature will decrease and 6 will have a downward trend.

PEC is an index to show the best efficiency and performance of the
system. Fig. 11 demonstrates the PEC in terms of pump power for three
Cases using water and nanofluid. The diagrams display upward trend for
two types of working fluids while the amount of increment is more
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significant for Case II and Case III. Improving the pump power leads to
the PEC improvement for three cases. Overall, using water as a working
fluid makes better performance for the proposed system, precisely in
Case III and Case II, however, both working fluids have the same per-
formance in Case I. Moreover, compared to Case I, rotating magnetic
field at 60 W and 0.5 % volume fraction of nanofluid improved the PEC
about 219.44 % and 261.11 % for Case II and Case III, respectively. To
add, by comparing the figures of f and Nu, it can be seen that between
cases Il and III at a constant pump power, the increase in Nusselt number
was much more significant than f. Furthermore, according to the PEC
equation (Eq. (26)), the increase in the numerator of the fraction
compared to the increase in the denominator of the fraction as a result of
the increase in the speed of the magnetic field is much more significant,
so PEC is always more than 1 in this problem.

Flow physics are shown in Figs. 12-15 for 0.5 % volume fraction of
Ag/water nanofluid at 60 W pump power for Case I and Case III. The
pressure distribution is demonstrated in Fig. 12. It is explicitly demon-
strated that nanofluid pressure distribution under rotating magnetic
field increase across the whole length of the tube. Fig. 13 display the
velocity streamline of nanofluid for Case I and Case III. As observed in

(a)

(®)

Fig. 13. Velocity streamline contours; a) Case I, b) Case IIL
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Fig. 13, the nanofluid follows the same course across the whole length of
the tube in Case I, however, nanofluid flow path under rotating magnetic
field alter and leads to the flow rotation in Case III. Also, according to the
Fig. 14, the rotating magnetic field improve the velocity. Fig. 15 rep-
resents the temperature distribution of nanofluid in Case I and Case III.
Since the nanofluid velocity enhancement under rotating MF minimizes
the amount of time needed for heat to transfer from the fluid to the inner
part of the wall, the temperature is decreased.

To better usage of this study’s results, a mathematical correlation
was performed between Q, Be, and Nu in all three cases and for two
volume fractions of 0 % and 0.5 %. The results are shown in Table 2 and
have a high accuracy of 97 %.

4. Conclusion

The main novelty of this paper is the thermofluidic characteristics
and entropy generation in a tube with nanofluid under an altering
rotatable magnetic field. So, this study evaluates the impact of rotating
MF in two velocities on a tube including two types of working fluid
namely 0.5 % volume fraction of Ag/water nanofluid and water using
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mixture model at four pump power, i.e., 30 W, 40 W, 50 W, and 60 W.
The following facts are obtained from present investigation.

e The rotating magnetic field for the Case III in comparison to the Case

I and Case II at 60 W and 0.5 % volume fraction of nanofluid,

enhanced the Nusselt number by 356.3 % and 12.42 %, respectively.

Nusselt number enhances by improving pump power for three cases

and two types of working fluids. This enhancement is more signifi-

cant for Case III by using nanofluid.

e According to the Performance Evaluation Criteria (PEC) results,
utilizing water as a working fluid has better performance for the
proposed system, precisely in Cases II and III. In comparison to Case
I, rotating magnetic field at 60 W and 0.5 % volume fraction of
nanofluid improved the PEC about 219.44 % and 261.11 % for Case
II and Case III, respectively.

e The static and motionless magnetic field has a substantially lower
dimensionless temperature in compare with rotating MF (case II),
and enhancing the rotational velocity of MF (case III) improve the
dimensionless temperature about 6.66 %. The highest dimensionless

(2)

(®)

Fig. 14. Velocity variation contours; a) Case I, b) Case IIL.
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temperature obtained 0.575 for Case III at power of 30 W by using
water.

Increasing the pump power leads to the dimensionless temperature
reduction. Aditionally, utilizing nanofluid reduces the dimensionless
temperature in compare with water base fluid.

The friction factor declines by improving the pump power and using
nanofluid enhance the friction factor compared to the water.

By increasing the pump power and mass flow rate, Bejan number
declines for three cases. The maximum and minimum entropy gen-
eration derived at 30 W and 60 W pump power for Case II and Case I,
respectively.
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Table 2
Mathematical correlation equations.

Case I »=0 % Q =1133-1150xBe - 616.5xNu + 592.9xBexNu +

50.84xNu"2
9=0.5% Q= 249.9-338.7xBe + 46.95XNu + 65.7 xBexNu -
3.469xNu"2
Casell  ¢=0% Q = —9833 + 9397 xBe + 2230xNu - 2045xBexNu —
17.09xXNu"2
$=0.5% Q= —3445 + 3171 xBe + 896.2xNu — 788.1 xBexNu —
8.28xNu"2
Case »=0% Q = —9833 + 9598 xBe + 1985xNu - 1859 xBexNu —
I 13.54xNu"2
$=0.5% Q= —3445 + 3239xBe + 797.8xNu - 716.4xBexNu —
6.561 xNu"2
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