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Abstract: The present research performed a numerical
simulation of laminar forced convection nanofluid-based
non-Newtonian flow in a channel connecting a tank with
heating regions. To achieve a rapid diffusion of heat,
a cylindrical agitator is inserted into the tank. Power-
law modelling is employed to describe the effect of non-
Newtonian behaviour. The velocity and temperature fields
and heat transfer coefficient ratio are studied systemati-
cally, taking into account the impact of various parame-
ters, such as the generalised Reynolds number Re, gener-
alised Prandtl number Pr, angular velocity of a cylinder
w, nanoparticle volume fraction ¢, mixer size and loca-
tion. Our research reveals that, to improve the heat trans-
fer in practice, several applicable strategies are available,
including the addition of more nanoparticles into the base
fluid, which proved to be the most efficient method to
enhance the heat transfer of a nanofluid.

Keywords: Nanofluid; Power-Law Fluid; Stirred Tank.

1 Introduction

Thermal management is vital for many devices used in
engineering, such as the frequency convertors, power sup-
plies, and amplifiers [1]. In heat exchangers, nanosized
particles with different sizes and shapes are often added
into the base fluid of cooling liquids to obtain better
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heat transfer with less pressure drop [2]. Ever since Choi
and Eastman [3] first suspended small particles (aver-
age particle size less than 100 nm) in fluids, which was
already proven to enhance the thermal performance of
pure fluids, this nanofluid was adopted in various kinds
of industrial equipments, as summarised in [4, 5]. Kam-
yar et al. [6] listed some important literature details about
the computational fluid dynamics (CFD) of nanofluids in
the applications. Eid [7] analysed the mixed convective
of a magnetohydrodynamic nanofluid flowing through a
porous medium. The boundary layer on the exponentially
stretching sheet with the chemical interaction and the heat
generation/absorption effects was focussed.

In this research, one special kind of nanofluids, i.e.
the non-Newtonian nanofluid is focussed on. This type of
nanofluid can be obtained by two strategies: a nanofluid
whose base fluid is Newtonian flow and that shows non-
Newtonian behaviour [8], and a non-Newtonian base fluid
which does not alter its former rheological behaviour
when nanoparticles are suspended in it. The flow and heat
transfer of non-Newtonian fluids play a pivotal part in
many industrial processes such as glass blowing, biologi-
cal solutions such as blood, and the extrusion of polymeric
melts and fluids. Some researchers also point out that they
can be employed as useful cooling enhancing mediums in
electronic modules and heat exchangers [9].

Furthermore, investigations on the fluid flow and
heat transfer behaviours of non-Newtonian nanofluids
applied in various industrial processes are important.
Some critical studies on non-Newtonian nanofluids were
included but were not limited to the following. Santra
et al. completed a study on the heat transfer of non-
Newtonian type nanofluids in a two-dimensional hori-
zontal rectangular duct with infinite depth [10]. Eid and
Mahny [11] focussed on the steady flow and heat trans-
fer of a Sisko nanofluid in a porous medium and they
considered a nonlinearly stretching sheet in the exis-
tence of heat generation/absorption. Ellahi et al. [12-14]
employed the Vogel’s model and the Reynolds’ model
to investigate the non-Newtonian nanofluids. Eid et al.
[15] used the two-phase flow model for a generalised
non-Newtonian Carreau nanofluid under the influence of
magnetic fields and thermal radiation, and a permeable
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nonlinearly stretching surface was considered in the exis-
tence of suction/injection. Esmaeil Nejad et al. [16] stud-
ied numerically the convection flow and heat transfer
of power-law nanofluids in a rectangular micro-channel
by adopting the two-phase mixture model. Hatami and
Ganji [17] performed heat transfer analysis of a non-
Newtonian nanofluid located between two coaxial cylin-
ders both numerically and analytically. It was noted that
sodium alginate was the base non-Newtonian fluid and
TiO, nanoparticles were suspended in it. Eid and Mahny
[18] addressed the unsteady boundary layer convective
problem of the heat and mass transfer of a non-Newtonian
nanofluid in a magnetic field with heat generation or
absorption.

Special attention should be paid to the fact that a
new type non-Newtonian fluid is formed when nanoparti-
cles are suspended in a non-Newtonian fluid, as explained

n [19]. Thus, the rheology of non-Newtonian nanoflu-
ids can be changed by the addition of some volume
fraction of nanoparticles. Eshgarf and Afrand [20] stud-
ied the rheological behaviour of a non-Newtonian fluid,
i.e. COOH functionalised MWCNTs-SiO,/EG-water hybrid
nanocoolant, and they found that the consistency index
and power law index of nanofluids were varying with
temperature and the solid volume fraction from 27.5 °C
to 50 °C. Santra et al. [10] employed two empirical
constants m and n, which are borrowed from [21], to
depict the rheological characteristics of a non-Newtonian
nanofluid working as a cooling medium. In our work,
it is also assumed that the rheological characteristics of
non-Newtonian nanofluids are not unchanged with differ-
ent amount of nanoparticles adding in it. The power-law
index n and the consistency coefficient m are regarded
as changeable with the particle loading parameter ¢,
as in Hojjat et al.’s experiments with water-carboxy
methyl cellulose (CMC)/TiO, nanofluid [22]. This change-
able assumption promises accurate predictions for fluid
flow and heat transfer of nanofluids in precise equipment
designs. For nanofluids, the commonly used nanoparticles
include metal oxides, oxide ceramics [23] and chemically
stable metals (e.g. copper), one among many of which are
very expensive. In this work, a relatively cheap and widely
applied nanoparticle, i.e. TiO, is chosen. TiO, has a wide
range of applications: sunscreen, printing inks, rubber,
cosmetic products, food colouring, etc., among which the
most important applications are paints, varnishes, paper,
and plastics. Abdolbaqi et al. [24] presented an exper-
imental investigation on the bioglycol/water-based TiO,
nanofluids and they measured the heat transfer coefficient
and friction factor under a turbulent flow condition. Chen
and Cheng [25] adopted CFD to simulate the steady incom-
pressible forced convective turbulent fluid flow and heat
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transfer of a TiO,/water nanofluid in three-dimension.
Eid [26] analysed the behaviours of the nanofluid for
three different nanoparticles in a H,O-base fluid, namely,
(Cu-NPs), (Al,03-NPs) and (TiO,-NPs), while considering
the influence of the chemical reaction.

Inspired by the above works, a channel connecting
a tank with a continuous stirrer is our configuration of
interest, which has vital engineering applications. This
configuration can be adopted to simulate flow around air
foils, buildings, and power system collectors [27], but our
research will focus on another application. This type of
channel and tank can be used in food and drug engineer-
ing for stirring nanofluids. As it is well known, nanoflu-
ids used in modern industry are always pre-treated by
mixing. For example, food and nanodrugs are mixed in
a microchannel for better controllable delivery and fast
heat diffusion [19]. In such up-to-date applications, a fast
and thorough mixing of the fluid is often required. Hence,
active mechanical stirring is needed instead of the pri-
mary and slow diffusion mechanism of the fluid. Islami
et al. [19] studied the problem of a two-dimensional non-
Newtonian nanofluid in a microchannel when micromix-
ers are employed or not for varying nanoparticle volume
fractions and varying Reynolds numbers (Re). Alam and
Kim [28] numerically investigated on how to mix fluids
in a microchannel when its side walls have grooves and
three-dimensional Navier-Stokes equations were solved.
In this investigation, to achieve rapid heat diffusion, a
cylindrical agitator is inserted into the tank to enhance
the advection result via stretching, splitting, folding and
breaking liquid flows. This work will analyse the laminar
non-Newtonian nanofluids when forced convection hap-
pens with heating boundary conditions. The finite element
method (FEM) with modified techniques was adopted. The
results and figures revealing the influences of the gener-
alised Reynolds number Re, generalised Prandtl number
Pr, angular velocity of cylinder w, nanoparticle volume
fraction ¢, mixer size and location on the heat transfer and
velocity field are compared and provided.

2 Description

2.1 Definition of Geometry

The configuration of the physical problem investigated in
this paper is demonstrated in Figure 1. A channel con-
necting a tank with a continuous stirrer is considered,
and so the flow field widens suddenly. The width of the
channel is L, while the width of the tank is 3L. Note that
the channel should be long enough such that the fluid
flow is fully developed. Uniform temperature is imposed
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Figure 1: The nanofluid flowing through the channel into the tank with heating regions.

at the inlet of the channel, while wall heaters are arranged
symmetrically. Other parts are adiabatic. An adiabatic
rotating cycloidal mixer with a diameter of L is placed at
the exit of the channel where the origin point of the coor-
dinate system is placed at the centre of the cycloidal mixer.
In our investigation, the cylinder position and its size will
be changed, when the effects of the angular velocity of the
mixer, the nanoparticle volume fraction, base-fluid char-
acteristics, the Re and Pr on the velocity and temperature
fields are revealed.

2.2 Governing Equations

Consider laminar and the forced convection nanofluids in
the channel and the tank. A similar geometrical domain
was studied previously [29, 30]. Assuming the nanofluid
acts as a single-phase fluid in a steady state of two-
dimension and thermal equilibrium. No chemical interac-
tion happens; and the nanofluid employed in this research
is of the pseudoplastic type and the power-law model is
adopted for modelling the apparent viscosity.
The governing equations are:

Continuity:
r-u=0 6))]
Momentum [31]:
puf((W- )W) = rp+ 1 (UnfOu) @

where py is the nanofluid density; u = (u, v) is the veloc-
ity, where u presents the horizontal component and v the
vertical one; p represents the hydrostatic pressure; and
Un denotes the consistency index of the nanofluid. In the
power-law model, the formula of oy is

!n 1
_ ou ’ ov ou  ov >
ou= 2 — +2 — —
o0x oy oy  0x
ru+ru’ B3)
where n is the power-law index.
Energy [32]:
(pcplns (- rT) =1 - (kyew'T) (4)

where the subscript nf refers to the nanofluid, cp is the
specific heat, and T denotes the temperature. The param-
eter kyy is the effective thermal conductivity. Additionally,
assuming a uniform nanofluid, concentration equations
will not be involved [33].

2.3 Thermophysical and Rheological
Properties

By using the classical single phase mixture assumption,
the effective density of the nanofluid is defined as [27]:
5)

pnt = (1 @)put + Ppp

Furthermore, by employing the thermal equilibrium
conditions, the nanofluid specific heat is given as [9, 34]:
(6)

(pcpns = (1 @P)(pcplus + P(pcp)p

where the particle loading parameter is ¢, and subscripts
p and bf represent the particle and the base fluid, respec-
tively.

The current investigation evaluates the fluid flow and
heat transfer of a power-law nanofluid containing TiO,
nanoparticles. An aqueous solution of CMC whose concen-
tration is 0.5 wt% as the power-law typed base fluid is cho-
sen. The aqueous CMC solution is a pseudoplastic fluid.
According to the experimental study of literature [35], the
physical properties of a CMC-water (<0.4 %) solution is
very similar to water, which is given in Table 1.

The consistency index, power law index and ther-
mal conductivity measured by Hojjat et al. and Eid in
their experiments [22, 36] for a water-CMC/TiO, nanofluid

Table 1: The physical properties of the base fluid of CMC-water and
nanoparticles.

Property Tio, CMC-water
p (kg/m?3) 4250 997.1
¢ (J/kg-K) 686.2 4179
Particle size (nm) 10 [25]
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with varying concentrations will be employed (see Tab. 2).
This paper will only address non-Newtonian power-law
nanofluids, with parameters that meet these restrictions.

2.4 Nondimensionalisation and Boundary
Conditions

To nondimensionalise (1)-(4), x and y are scaled by
L; u and v are scaled by Up; the pressure p is scaled by
%; and T by T. The same symbols will still be used

Pof
in the following dimensionless equations for simplicity.

r-u=20 @)
Re(u-ru) = rp+r- HntPf (8)
HotPnf
knf(pcp)bf
Re-Pr(u-r7T) = r. —CPDblpT )]
( ) koe(pCp) o
where
!n 1
_ ou 2 o ? ou ov * 7
ou= 2 ~— +2 — =+ =
ox oy oy ox
ru+ ru’ (10)

Additionally, Re = ppL"Uo? ™/ is the generalised
Re and Pr = (cp)yspnil! "/kpeUy " is the generalised
Prandtl number.

A system of nondimensional boundary conditions is
employed (also see Fig. 1):

At theinlet:u =1,v=0,T = 1;

At the heating walls of the tank, downstream of the
channel (defining the left side of the direction of the flow
as the left wall and defining the right side in a similar way):

left wall
right wall

oT _
oy

q1,
q2,

At the outlet: % =0, % = 0;
On the other walls: u = 0,v = 0, % = 0;
On the cylinder’s surface: w(y
v=w(x xo), % =0;
where g; is the heat flux for each heater, and w denotes
the cylinder angular velocity. In the following section, (xo,
yo) = (0, 0) unless the location of the mixer is investigated

specifically.

u: yo)’
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3 Numerical Scheme

3.1 Weak Formulation

The FEM with the aid of Freefem++ software is used in
the calculation. In our previous work [37], we proposed a
‘ghost time’ based FEM technique for dealing with non-
Newtonian flow equations, which incorporated the non-
linear power-law components and introduced a ‘ghost’
time into the equations which can be regarded as an iter-
ative method, and which was discussed and validated in
detail in [37]. Interested readers can refer to our previ-
ous work [37]. It is worth mentioning that this method
is applicable in other heat transfer cases of nanofluids
[38-40]. However, for the convenience of the readers inter-
ested in repeating our work, the details about the weak
formulation of FEM and its iterative finite element scheme
are listed below:

The domain is defined as Q  R?, and the boundary of
Qis T, which is sufficiently smooth (e.g. Lipschitz continu-
ous). The velocity u and v is considered in space Z, defined
asH'(Q)ifn 1or WH™1(Q)ifn > 1. The temperature T
is in space W, defined as W»"*1(Q) if n > 3 or WV4(Q) if
n 3. The pressure p is in L?(Q) (see Ref. [41]). The weak
formulation for Eq. (7) is given as [42]:

z

(r-u+ep)q)dx=0,8q2 L*(Q) (11)

where ¢ is set to be £ = 10 ° in the following computa-
tions. The weak formulations of (8) and (9) are:

Z
Re((u-ru)-v) p(r-v)+ prbfou :rv dx
fOnf
@z z
u
+ d — =0
pvids 0o ayvzds
r r
8v=(v1,v2)27Z (12)
Z
kng(pcp)
Re-Pr((u- ro)v;) + —Pbf (9. ry5) dx
(( ) 3) kbf(PCp)nf ( 3)
@z z
+ qi1vs3ds + g2vids =0
heater I heater II
8v; 27 (13)
" O
2 2 2 2
whereop = 2 %% +2 § 4+ P+ Y
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Figure 2: A representative triangular mesh with 8668 grids in the calculated domain.

It should be noﬂed that the weak formulation (12)
contains the term 0o g—;‘,vzds, which is unique to the

T
power-law fluid and cannot occur in Newtonian fluids.

3.2 lterative Finite Element Scheme

The domain will be triangulated into a nonuniform trian-
gular mesh. A representative triangular mesh is shown in
Figure 2.

Continuous finite elements are used. Quadratic poly-
nomial approximations in every element are employed for
u, v and T, and a linear approximation is adopted for p.
To handle the nonlinear terms oy and 0, an iterative
method is introduced into (11-12), i.e. the so-called ‘ghost’
time. dt > 0 is the time step size. ul = u(i - dt, x,y) and
vi=v(i - dt, x, y) is the information obtained at time i.
The approximation solution at the next time step i can be
calculated for the velocity at time stepi  1:

z
r-u+6p g dx=0 (14)
Q
Z o ad u !
@ .v+Re u '.ru'! v
dt
Q
1
p(r-v)+ Lnfpbfﬁ{', L. rvAdx
MHbfPnf
Z Z i1
+ pvids g 1613}/ vods =0 (15)
r r
where
20
i1 4@ aui 1!2 avi 1!2
o =4@2 +2
%o ox oy
¥ 113n 1
aui 1 avi 1 ZAZE
16
oy o0x (16)
op'=0h' ru '+ pru? a7

The total time step can be regarded as the number
of iterations. The continuity equations and the momen-
tum equations are independent of the temperature equa-
tion. Therefore, they can be first solved to obtain only the
velocity and the pressure. By substituting both the veloc-
ity and the pressure into the temperature equation, the
temperatures can be obtained. The iterative process stops
as soon as the steady state is obtained, and the velocity
stops changing. The iterative solutions will definitely be an
approximation of the steady-state equation solutions.

To validate the iterative process, its velocity results are
compared with those obtained by analytical results [37]
in the case of laminar non-Newtonian power-law fluids in
semi-infinite parallel plate channel. From Figure 3, it can
be found out that these results agree well (i.e. the maximal
deviation is 5.1%).

For further validation, the present numerical method
was adopted to calculate the velocity of similar work found
in other literature. Selimefendigil and Oztop [27] inves-
tigated the mixed convection of nanofluid in a channel
with a backward facing step, which also has a rotating
cylinder like ours inserted into it. The results obtained by
the numerical method in the present research are com-
pared with the solutions obtained by those researchers

1.0

| 5
0.9
0.8
0.7 4
0.6
3 0.5 A
0.4 4
0.3 4
] —m— Present method X=0.2
0.2 1 Analytical technique X=0.2
= —a— Present method X=0.5
01 - —e— Analytical technique X=0.5
] Re=50,n=1.2
0.0 T T T T T T T T T T T 1
0.00 0.05 0.10 0.15 0.20 0.25 0.30
y

Figure 3: Comparison of velocities between results obtained by
present method and former analytical technique when the physical
characteristics of the fluid are n = 1.2, Re = 50.
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Figure 4: Results obtained by the method in present work in
comparison with those from other literature [27].

in Figure 4. A special case when # =8,Q=3,¢ =

0.03, Re = 100 is compared (the same symbols are used
here as in the literature [27]). In Figure 4, the line cor-
responds to results achieved by the method outlined in
the present paper and the square symbol represents those
obtained by other researchers. It should be noted from the
figure that the maximum deviation happens at the peak of
the curve, which is 7.5 %, and they agree well.

3.3 Grid Independence and Time
Consumption

In the following section, the grid independence and time
consumption comparisons with varying mesh densities
are executed to find an optimal mesh with preferable
results and a relative minimal computational time.

To reveal the impact of calculation of meshing, four
different grid sizes are compared and the temperatures
along the right wall of the tank are checked in Figure 5.
The results at w = 1.0, Re =100, Pr = 2.0, ¢ = 4%,
¢1 = q¢» = 1larerevealed. It is worth mentioning that the
grid size in Figure 5 is the total number of grids in the
channel and the tank. From this figure, it can be seen that
differences only occur between 1 and O, and the grid size
of 8668 is chosen to resolve the flow and thermal fields
in our later computation. Additionally, Figure 5 shows the
running time for the computation when a personal laptop
possessing an Intel(R) Core(TM) which has an 173520 M
CPU working at 2.90 GHz and a 4.00 GB RAM is used.

4 Results and Discussion

This section primarily presents the velocity field, tem-
perature field, and heat transfer calculated from FEM
for different sets of parameters such as the generalised
Pr, generalised Re, w, and ¢. The compared results are
in a dimensionless form, and the ranges of the param-
eters are: 100 Re 500,05 Pr 4, 4 w 4,
0 ¢ 4%.
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—o— 3054, t=42.058 s
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Figure 5: Impact of the grid density on temperatures at the right wall
of the tank.

Table 2: The consistency index, the power law index and the
thermal conductivity of the nanofluid [22, 36].

¢ (%) § n k (W/m-K)
0 0.145 0.542 0.600
1 0.190 0.526 0.603
3 0.240 0.502 0.641
4 0.365 0.485 0.740

In this research, the definition of the generalised
is Re = pueL"Uo® "/up, Where pys, pp, L and Ug are
steady, while n changes with ¢ as outlined in Table 2.
Thus, with different nanoparticle volume fractions ¢
and ¢,, the ratio of the Re should be Re(¢1)/Re(¢,) =
L"@) n@)yy, n(d)+n($2) The Re ratio was obtained from
thereal experimental data, e.g. Table 2. For example, when
¢1 = 0, and ¢, = 4%, the ratio will be L>%*7U, 97 It
could be observed that the value of the ratio is close to 1.
When the value of L and Uy is chosen as 1, the ratio value
is equal to 1, and the Re will not be affected by ¢. Thus,
the assumption that the generalised Re keep steady as ¢
changes has been adopted as a useful strategy in present
research, such as [43]. The same rule can also be con-
cluded for the generalised Pr = (cp)ypnil! "/kpeUs "
when (cp)pg, kpg, Mbss L and Uy are kept unchanged when
¢ changes.

4.1 Generalised Reynolds Number
Flow patterns of interest are shown in Figure 6 through

the depiction of velocity profiles perpendicular to the tank
walls located atx = 0.5 (just upstream of the mixer) and
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Figure 6: u-Velocity profiles perpendicular to the tank walls
for different generalised Re when w = 1, Pr = 2.0, ¢ = 4%,
g1=¢qg>= lat@x= 05 Mbx=1

x =1 (just downstream of the mixer) for various gener-
alised Re. It is found that the amplitude of the fluctuation
of the u-velocity curve becomes greater as the generalised
Re rises for the enhanced kinetic energy. In Figure 6a, the
values of u-velocity reach negative values for the recircula-
tion cells that exist in the zone that locate both upstream
of the mixer and downstream of the channel.

Figure 7 depicts the temperature profiles both perpen-
dicular to the tank walls and along the tank walls. It is
worth mentioning that as the generalised Re increases,
the differences between temperatures in the left part of
the fluidic area and the right part decrease. The tem-
perature near the right wall should be completely differ-
ent from those near the left wall for the inserted rotat-
ing cylinder. However, when the generalised Re increases,
the fluid is flowing faster and the heat exchange between
liquid molecules becomes frequent and violent, which,
to a certain extent, weakens the effects of the redistribu-
tion of heat and the uneven temperature field caused by
agitation.

right wall

1.07 4 —e— Re =200, right wall| -
1.06 1 —— Re =300, right wall| 1

’ —v— Re =100, left wall | 1
1.05 4
1.04 1 —<— Re =200, left wall | A

—»— Re =300, left wall
T T T T T T T T T T

-1 0 1 2 3 4 5 6 7

Figure 7: Temperature profiles at (a) x = 1 perpendicular to the tank
walls; (b) along the tank walls for different generalised Re when
w=1Pr=20,¢0=4%,g1=qg, = 1

4.2 Generalised Prandtl Number

The influence of the generalised Pr on the temperature
field is shown in Figures 8 and 9. In Figure 8, the difference
between temperatures on the left wall and on the right wall
is obvious when Pr = 0.5. As the generalised Pr increases,
the difference becomes less evident. This is simply because
a larger Pr means a smaller thermal conductivity, which
weakens the effect of the heat transfer and the temper-
ature differences decrease. In addition, the isotherms in
Figure 9 present a brief comparison for varying the gen-
eralised Pr at a fixed value of w = 1, Re = 100, ¢p = 4 %,
an=q= 1

4.3 Angular Velocity of Mixer

The Re and the Pr play a key role when the fluid flow and
heat transfer in the channel and the tank are investigated.
However, sometimes, these dimensionless parameters are
hard to change. In the following sections, the effects of the
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Figure 8: Temperature profiles at (a) x = 1 perpendicular to the tank
walls; (b) along the tank walls for different generalised Pr when
w=1Re =100,¢ = 4%,q1 =g, = 1

rotation rate, the nanoparticle volume fraction, and the
geometry size and location of the mixer on the velocity and
temperature fields are studied.

Velocity and temperature profiles perpendicular to the
tank walls at x = 1 for different angular velocities are
shown in Figure 10. It seems that both the velocity and
the temperature curves are very sensitive to the angular
rotational speed of the mixer. The presence of a recircula-
tion cell located downstream of the mixer can be observed,
indicated by the fact that the curve of the u-velocity pos-
sesses a trough of wave. Additionally, it is noticeable
that the curves for clockwise rotation and the curves for
counter-clockwise rotation are symmetrical about y = 0
for both the velocity and the temperature.

Figure 11 demonstrates the temperature of both the
left and the right wall of the tank with Pr = 1.0, Re = 100,
¢® =4%,q =q, = 1 for different angular velocities.
When the angular velocity w is zero, the temperatures of
both sides of the tank walls are equal. At the same angu-
lar velocities, the temperature of the left side of the tank
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wall with a clockwise rotating mixer is equal to the tem-
perature of the right side wall with a counter-clockwise
rotating mixer. The most important phenomenon is that
increasing the angular velocity of the rotating mixer will
definitely increase the temperatures of the walls due to the
mixer speeding up the heat transfer of the fluid field.

4.4 Nanoparticle Volume Fraction

The impacts of the nanoparticle volume fraction ¢ on the
temperatures at the upstream edge x = 0.5 and down-
stream edge x = 0.5 of the rotating mixer for Pr = 1.0,
Re =100, w =3, g1 = g2 = 1 are shown in Figure 12.
The temperature profiles are definitely asymmetrical for
the rotating mixer. From the figure, it obviously shows
that the nanofluid heating effect is less protruding as the
particle loading parameter ¢ increases. The decrease in
temperature with a higher nanoparticle volume fraction
is caused by a combination effect of a decreasing power-
law index n, an increasing consistency index p and an
increasing thermal conductivity k. As it can be seen from
Table 2, when the nanoparticle volume fraction increases,
the power-law index n will decrease while the consistency
index y and the thermal conductivity k will increase. The
temperature changes with the three quantities n, y, and
k. With a lower power-law index n, and a higher thermal
conductivity k, the temperature will decrease, but with a
higher consistency index y, the temperature will increase.
In Figure 12, the temperature decreases when all the three
parameters are varying, because the power-law index n
and the thermal conductivity k play a more prominent
part in the nanofluid heating effect. From a physical point
of view, lowering the power-law index n will shear-thin
the fluid, which increases the velocity. As a result, the
higher velocity will act on the temperature equation, and
reduce the temperature. In addition, the thermal conduc-
tivity reflects the heat transfer ability of the fluid, which
dominates the temperature change.

Figure 13 shows the effects of the nanoparticle vol-
ume fraction on the temperature fields for constant param-
eters of Pr = 1.0, Re =100, w =3, ¢1 = ¢, = 1. The
shapes of the temperature curves broadly do not change
with a varying nanoparticle volume fraction, but the
strength changes. Obviously, the employment of nanopar-
ticles alters the magnitude of the heating impacts on the
temperatures on the walls. Additionally, the temperatures
on the left wall are higher than the ones on the right walls
due to the presence of the rotating mixer.

In the present research, all of the variables are cal-
culated in their dimensionless forms. In Figure 14, an
increased loading of nanoparticles suspended in the base



DE GRUYTER

IsoValue

: =——1d

un

10475

11553

]
58
28
gr

14787

Figure 9: Isotherms for different generalised Prwhen w
(d) Pr=3.0.

a 05 T T T T T
0.4 E
034 | .
/ A
=]
0.2 4
I
i —m— =0
0.1 —o—ow=1 g
A=
—v—ow=4
—4—w=-4
0.0 T T T T T
-1.5 -1.0 -0.5 0.0 0.5 1.0 1.5
y

0.98 +————
-1.0

T
-0.5

Figure 10: (a) Velocity profiles and (b) temperature profiles atx =1
perpendicular to the tank walls when Pr = 1.0, Re = 100, ¢ = 4 %,
g1 = g, = 1forvarious angular velocities.

fluids causes a rising pressure for the increased viscosity.
It also reveals the curve of the pressure drop turn at the
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Figure 11: Temperature profiles along the tank walls for dif-
ferent angular velocities when Pr = 1.0, Re = 100, ¢ = 4%,

Gn=q= 1

position of the stirrer, so it is clearly possible to determine
the location of the agitator using the curve. Big pressure
drops are always regarded as unfavourable effects. Thus,
when nanofluids are used in the stirring tank, the particle
loading parameter should be carefully selected because
the pressure drop must be controlled to be in a certain
range.

The horizontal velocity profiles for dimensionless
Pr =1.0,Re =100, w = 3,q1 = q¢» = 1and various val-
ues of ¢ are depicted in Table 3. At both x = 0.5 and
x = 0.5, the velocity fields are fully developed through the
channel into the tank, so this table can clearly present
the influence of ¢ on the velocity profiles. The velocity
increases a small amount as the particle volume fraction
increases. As the particle volume fraction rises, the pseu-
doplasticity effect of the fluid becomes strong (refer to
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Figure 13: Temperature profiles along the tank walls for different
nanoparticle volume fraction when Pr = 1.0, Re = 100, w = 3,
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Tab. 2), which in turn indicates a higher speed of the
fluid velocity. However, it can also be determined from
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Figure 14: Influence of the particle loading parameter ¢ on pressure
when Pr = 1.0,Re =100, w = 3,1 =g, = 1.

Table 2 that, as the particle volume fraction increases, the
consistency index of the fluid gets bigger, which reduces
the values of the velocity. These two effects interact with
each other, and the velocity ultimately increases a small
amount.

4.5 Mixer Size and Location

In the above section, the diameter of the mixer is kept at 1.0
and the distance from the centre of the mixer to the exit of
the channel is also kept at 1.0 in dimensionless form. How-
ever, the mixer size and location play a very important role
when the velocity and the temperature fields of the tank
are calculated, as shown in the following.

Figure 15 reveals the effect of the size of the mixer on
the temperature profiles on the walls. An interesting phe-
nomenon is observed: the temperatures of the walls rise
greatly with a bigger mixer. For example, at x = 1, the
temperature rises 3.9 % from d = 1.0 to d = 1.5 on the left
wall, and atx = 7, the temperature rises 3.4 % fromd = 1.0
to d = 1.5 on the right wall. It looks like the temperature
fields could be adjusted by changing only the size of the
mixer: the bigger the mixer, the higher the temperatures.
From a physical point of view, it can be easily explained.
With a bigger mixer, much more fluid is disturbed. The
heat enhancement occurs as a consequence of more liquid
molecules moving and interacting with each other.

The beautiful symmetrical patterns in Figure 16 shows
the u-velocity for different mixer locations when Pr = 1.0,
Re=100, w =3, g1 =q2= 1, ¢ =4%, d =1. The
parameter Z presents the distance from the centre of the
mixer to the exit of the channel. The u-velocities with
y = 0.5 and y = 0.5 parallel to the tank walls are just
along the edges of the mixer. It looks like the u-velocity
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Table 3: Velocity profiles perpendicular to the tank walls when Pr = 1.0,Re = 100, w = 3,q1 = g, =
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1for various nanoparticle volume

fractionsatx = 0.5andx = 0.5.
x=0.J5 x= 0.5
y u y u
=0 $=1% ¢ =3% ¢ =4% $=0 $=1% ¢ =3% ¢ =4%
1.5 0 0 0 0 1.5 0 0 0 0
1.33833 0.22034 0.22013 0.21993 0.21937 1.29 0.03234 0.03192 0.03151 0.03038
0.82125 0.49615 0.49619 0.49614 0.49622 1.20909 0.05119 0.05076 0.05033 0.04918
0.69098 0.50387 0.50402 0.50408 0.50444 1 0.09667 0.09649 0.09634 0.09588
0.29675 0.40898 0.40969 0.41035 0.41223 0.74128 0.21284 0.21308 0.21334 0.214
0.12308 0.33772 0.33837 0.339 0.34074 0.65086 0.28418 0.28449 0.28483 0.28568
0.08241 0.27303 0.27353 0.27404 0.27538 0.48566 0.46531 0.4656 0.46589 0.46666
0.14675 0.26062 0.26108 0.26155 0.26277 0.24836 0.75044 0.75056 0.75066 0.75098
0.29219 0.25753 0.25788 0.25827 0.25923 0.26993 0.70332 0.70347 0.70361 0.70401
0.38813 0.26131 0.26158 0.26189 0.26262 0.81691 0.15102 0.15109 0.15117 0.15136
0.43751 0.27441 0.27461 0.27486 0.2754 0.90721 0.11097 0.11094 0.11094 0.11087
0.53281 0.28691 0.28697 0.28708 0.28724 1 0.08135 0.08122 0.08111 0.08076
0.64615 0.30119 0.30101 0.3009 0.30045 1.08462 0.05836 0.05814 0.05793 0.05735
0.74582 0.3123 0.31187 0.31148 0.31032 1.20909 0.04148 0.04115 0.04083 0.03996
0.85432 0.31681 0.31612 0.31548 0.31367 1.29 0.02582 0.02549 0.02517 0.02432
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Figure 15: Temperature profiles along the tank walls for different
mixer diameters when Pr = 1.0,Re = 100, w = 3,1 =g, = 1,

¢ = 4%.

Figure 16: u-Velocity profiles parallel to the tank walls for different
mixer locations when Pr = 1.0,Re = 100, w = 3,1 = g2 = 1,

¢ =4%d=1

Figure 17: Temperature profiles along the tank walls for varying
mixer locations when Pr = 1.0,Re =100, w = 3,q1 =g, = 1,
¢=4%,d=1

profile will translate as the location of the mixer moves.
For a single velocity curve, it fluctuates exactly at the posi-
tion of the agitator. The velocity of the fluid at the sym-
metrical position of mixer are the same in magnitude, but
with opposite directions. Notice that the upper and lower
curves of the velocities are not completely symmetrical.
However, with regard to the case of the temperature, the
trends look different in Figure 17. The temperatures on
the left tank wall with varying mixer locations are nearly
same, while the temperature curves on the right tank wall
are totally different when the mixer is rotating in anticlock-
wise direction. The trough of the temperature wave will
shift as the location of the mixer changes.
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Figure 18: Heat transfer coefficient ratios for different values of (a) the angular velocity of the mixer w; (b) nanoparticle volume fraction ¢;

(c) mixer size d; and (d) mixer location Z.
4.6 Heat Transfer

In this part, the thermal performance of the tank with a

mixer in it is evaluated by examining the average heat

transfer coefficient on the heating walls. By comparing the

heat flux to the temperature differences, the coefficient is

defined:
R 91 92 dx

h= Lieftwanr (Tw(x) To) Lightwan (Tw(x) To)
Lleft wall + Lright wall

R
dx +

(18)

where Ty(x) is the wall temperature at x. A more natu-
ral and convenient parameter: the average heat transfer
coefficient ratio will be calculated in the following section
instead of the average heat transfer coefficient. ks is a
reference heat transfer coefficient.

Figure 18 reveals the heat transfer coefficient ratio as
functions of angular velocity of mixer, nanoparticle vol-
ume fraction, mixer size and location. In Figure 18a, the
parameter h; is the heat transfer coefficient for w = 0. The
profile reaches its highest peak at w = 0 and decreases
with increasing mixer angular velocity, regardless of
whether the mixer spins clockwise or counter-clockwise.
In Figure 18b, the parameter h; is the heat transfer coef-
ficient for ¢ = 0. The heat transfer coefficient rises as
the nanoparticle volume fraction ¢ gets bigger. This is
predictable because more nanoparticles increase the heat
transfer of fluids and induce a bigger heat Z transfer coef-
ficient ratio as a result. In Figure 18c, the parameter hs

means the heat transfer coefficient for d = 1. It looks like
the heat transfer obtains its highest efficiency at d = 1,
mainly for the simple reason that the mixer shares the
same size as the width of the channel. Furthermore, in
Figure 18d, the parameter h; marks the heat transfer coef-
ficient for Z = 1. Increasing the distance between the exit
of the channel and the mixer n has a negative impact on
the thermal performance of the nanofluids. Above all, the
heat transfer coefficient of nanofluids is most sensitive to
the particle loading parameter ¢, and by increasing ¢ the
heat transfer coefficient ratio is improved by 33.3 % (from
0% to 4%). Thus, it is expected that, for better thermal
performance in practice, the applicable strategies include:
reducing the rotating speed, adding more nanoparticles
into the fluid, keeping the size of the mixer similar to the
width of the channel, and bringing the mixer closer to the
channel exit.

5 Conclusions and Future Work

To investigate the heat transfer performance and efficiency
of a nanofluid-based power-law flowing through a chan-
nel into a tank with a mixer, an FEM is adopted. The
walls of the tank are heated to reveal the potential of
non-Newtonian power-law nanofluids in heating applica-
tions in industry. The CMC-water (0.0 %—-0.4 %), a typical
type of pseudoplastic power-law fluid, is considered as the
base fluid. TiO, nanoparticles are used. The influences of
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various parameters, such as the generalised Pr, the gener-
alised Re, w, ¢, mixer size and location on the temperature
and velocity field are investigated. The following results
are obtained:

(i) The absolute value of the u-velocity increases when
the generalised Re increases for the enhancive
kinetic energy;

Both the velocity and the temperature curves are very
sensitive to the mixer angular rotational speed;

The nanofluid heating effect dominates with the par-
ticle loading parameter ¢ decreases;

The addition of nanoparticles alters the magnitude of
the thermal influences on the wall temperature;

(v) The bigger the mixer, the higher the temperatures;
(vi) The u-velocity profile will translate as the location of
the mixer moves;

The trough of the temperature wave will shift as the
location of the mixer changes.

(i)
(iii)

(iv)

(vii)

In the present investigation, to improve the heat transfer of
nanofluids-based power-law flow in a tank with a mixer,
the applicable strategies include: reducing the rotating
speed; adding more nanoparticles into the fluid; keeping
the size of the mixer similar to the width of the channel;
and bringing the mixer closer to the channel exit. However,
adding more nanoparticles into the base fluid is consid-
ered to be the most efficient method to enhance the heat
transfer coefficient of a nanofluid.
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Nomenclature

Cp fluid specific heat (J/kg - K)

d diameter of the mixer

dt time step size

h heat transfer coefficient (W/m? - K)

hg reference heat transfer coefficient (W/m? - K)
i time point

k thermal conductivity (W/m - K)

L length (m)

n power law index

Pr generalised Prandtl number (Pr = (cp)unel? "/ kntUy ™)
P pressure (Pa)

a heat flux (W/m?)

Re Reynolds number (Re = ppsL"Uo? "/ i)

T temperature (K)

u,v velocity components along x and y directions, respectively

(m/s)
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v shape function vector (m/s)
X,y Cartesian coordinates along the plate and normal to it,
respectively (m)
Z distance from the centre of the mixer to the exit of the
channel
Greek symbols
Q calculation domain
r boundary of Q
¢ particle loading parameter (%)
p density of fluid (kg/m?)
€ penalty constant
W cylinder angular velocity
Subscripts
nf nanofluid
bf base fluid
P nanoparticle
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