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1. Introduction

ThisResearchersé recent
transfer has led to the invention of different methodologies
for such purpose [1]. The paramount importance of heat
transfer in various industries has always been a cause for
improving heat transfer methodad optimizing them for
industrial contexts. Poor heat transfer properties of typical
fluids represent the first serious barrier against enhancing
the efficiency of heat exchangers. The developments in
nanotechnology during the past two decades and the
application of nanofluids as a heat transfer agent have
provided researchers with new approaches [2].

Eastmaret al. [3] measured the thermal conductivity of
nanofluids by evaluating aluminuroxide, copper and
copper oxide nanoparticles in water and oil. In their study,
they observed a 60% increase in thermal conductivity

effo

upon adding the nanoparticles up to 5%. In another work
Wf tgey lfls%dvgd%ppe(rj naréo%ahticles %f I'srrrlwaller tllnqan %0 nm
in diameer, ending up with a 205}0 mcreage in tﬁermal
conductivity of ethylene glycol at a nanoparticle
concentration of 0.3%. They attributed such an increase
mainly to the large surfaegreato-volume ratio of the
nanoparticles. Assuming that a nanofluid largsiynics

the behavior of an equivalent singibase fluid rather than

a liquid-solid mixture, Xuan and Roetzel [5] proposed two
different methods for developing relationships for
predicting heat transfer through nanofluid. According to
the assumption made B§uan and Roetzel, in absence of
any slipping velocity in between the continuous phase
(liquid) and discrete phase (the nanoparticles dispersed
across the liquid) and upon an establishment of
thermodynamic equilibrium between the nanoparticles
and the liqid, the resultant nanofluid can be deemed a
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pure (singlephase) fluid. Following a second approach,
Xuan and Roetzel focused on the random particle motions
under the effect of Brownian forces, friction, and gravity
and proposed a dispersion model for cdesng the
impact of thermal dispersion.

Wen and Ding [6] experimentally investigated forced
convection heat transfer through the watesQAl
nanofluid in a coppemade tube under laminar flow.
Results of the experiments performed by these researchers
showed a superior increase in forced convection heat
transfer through the nanofluid rather than the base fluid;
moreover, the increase was even more pronounced in the
input section of the tube and somewhat decreased as one
moved along the axis of the tube. Acdingly, it was
suggested that the thermal entrance length of the nanofluid
is larger than that of the base fluid, and this length
increases with increasing nanoparticle concentration.
Furthermore, observations indicated increased heat
transfer through # nanofluid with increasing Reynolds
number and the volumetric fraction of the nanoparticles.
They further figured out that the themisting equations
(Shahoés equation [7]) <coul
forced convection heat transfer through nand8 along
the input section of a tube. They referred to particle
migration and disorders in the boundary layer (reduced
thickness of the boundary layer) as the main causes of the
enhanced heat transfer. Noghrehabadi and Pourrajab [8]
experimentally invegjated the forced convection heat
transfer coefficient and Nusselt number through water
Al20s nanofluid in a circular tube under fixdabat transfer
boundary conditions. For this purpose, they utilized
aluminum oxide nanoparticles with an average dianaéter
20 nm and calculated the heat transfer coefficient of the
nanofluid at different Reynolds numbers ranging from
1057 to 2070 for three volumetric fractions: 0.1%, 0.3%,
and 0.9%. A review of the results showed that the forced
convection heat transfer déieient and Nusselt number of
the nanofluid were higher than those of the base fluid with
the highest increase in heat transfer (~16.8%) observed at
a volumetric fraction of 0.9% and a Reynolds number of
2070. In addition, it was found that the number of
increases in forced convection heat transfer coefficient and
Nusselt number are functions of the volumetric fraction of
the nanoparticles. Fitting a curve to their experimental
data, they developed a mathematical model for estimating
the Nusselt number. Bhmodel provided good accuracy
against the respective experimental data.

HassarZadehet al. [9] conducted a thredimensional
study on forced convection heat transfer through
water/AbOz nanofluid in a tube with a laminar flow
regime with the use of thenfte-volume method and
considered a fully developed velocity profile at the input
section of the tube. Simulations were performed for a wide
range of volumetric fractions of the nanoparticles for two
different nanoparticle sizes. The results indicated ttha
incorporation of AlOs nanoparticles into the base fluid
enhanced the rate of growth of the thermal boundary layer
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and that this growth is a function of the volumetric
concentration and size of the nanopatrticles.

Most of the numerical research onanofluids,
including those cited above, have been performed using
such methods as finieolume and finitedifference
methodologies. In recent years, following a statistical
mechanicsbased approach and being derived from the
kinetic theory of gases [1Qhe Lattice Boltzmann method
has gained great deals of attention among researchers.
Since the present research is grounded in the Lattice
Boltzmann method, a brief description of the research
works wherein such a method has been used is presented
in the fdlowing.

Considering the external and internal forces affecting
suspended nanoparticles and the nanopaiftigkd
interactions, Xuan and Yao [11] proposed a Lattice
Boltzmann model for simulating the processes of flow and
energy transfer through nanoflsidin their study, they
emphasized the irregular motion of the nanoparticles and
calculated the distribution of the suspended nanoparticles
in the nanofluid using a series of forces. Based on their

findirmgs, thé Browaipnpfbrée ends thieodomir@amt éadtarc t i n g

affeding the random convection and accumulation of
nanoparticles. Kefayatet al. [12] utilized the Lattice
Boltzmann methodology for examining free heat transfer
through watessilicon dioxide in tall vessels. Their
experiments targeted different volumetricadtions
ranging between 0 and 4 for Rayleigh numbers frofh 10
to 1. They showed that, at all of the studied Rayleigh
numbers and for all ratios of the rectangular vessel, the
presence of nanofluid enhanced the Nusselt number over
that of the base fluidServati et al [13] studied the impact
of magnetic field on forced convection flow of a nanofluid
in a channel that is filled with porous media by use of
LBM. They concluded that by increasing the volume
fractions of AL203, the outlet temperature and veioat

the outlet of the channel, and also the Nusslet number
showed a significant increase. Sidik and Mamat [14]
reported comprehensive research on recent developments
and research works on simulating the flow and heat
transfer of nanofluids by the usetbg Lattice Boltzmann
method. In this comprehensive study, nhumerous research
works were reviewed on different geometries, different
nanoparticles, laminar and turbulent flow regimes, and
convection heat transfer (free, forced, and mixed) with
singlephaseand twephase models for nanofluids. Cheng
et al. [15] utlized the lattice Boltzmann method
implemented on compute unified device architecture
enabled graphical processing unit to investigate the
multiphase fluid pipe flow. The vertical and horizontal
multiphase pipes flow were simulated and discussed.
Goodarziet al. [16] developed &lanoscalenethod of
lattice Boltzmann to predict tHeid flow and heat
transfer of air through the inclined {dtiven 2

D cavitywhile a largeheat sourcés considered inside it.
Nazariand Kayhani [17] provided a comparative study on
natural convection in an opamd cavity using LBM. They
simulated the result by applying two different


https://www.sciencedirect.com/science/article/pii/S0378437118307362#!
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hydrodynamic and two different thermal boundary
conditions (with first and secormtder accuracy), whh
indicated the same Nusselt number in all boundaries.
Bahoosh et al. [18] presented a tdimensional model of

a polymer fuel cell. They used LBM to simulate the single
phase fluid flow and mass transfer within the cathode
microstructure and investigatetie effects of the gas
diffusion layer structure (carbon fibers diameters changes)
on the reactive gas flow. They showed that the increase in
the carbon fibers' diameter causes the uniform distribution
of oxygen throughout the gas diffusion layer.

Shomaliand Rahmati [19] developed a Cascade LBM
method with a nomonstant Bosanquet parameter to
observe the gas flows in a microchannel. The results of the
proposed method showed an improvement in comparison
with the classic methods.

As is evident from a rewe of the abovementioned
pieces of literature, many numerical and experimental
works have been done on studying heat transfer through
nanofluids in various geometries and boundary conditions
for different types of nanofluid. However, to the best of
our knowvledge, no twedimensional study has been
performed on steady laminar forced convection heat
transfer in a tube with fixed heat flux on the walls using
the Lattice Boltzmann method. Consequently, in the
present work, the axisymmetric lattice Boltzmann rodth
(ALBM) to both the flow part and energy part under fixed
heat flux on the walls of the tube are applied; uniform
velocity and temperature profiles have been assumed at the
input section of the tube, i.e. the flow and temperature
develop along the tubén addition, the effect of input
temperature on forced convection heat transfer through the
nanofluid was studied.

2. Problem description Style

The geometry of the studied problem is demonstrated
schematically in Figure 1. It is a tube at a lerigth

diamete ratio of — o mThe noslip condition was

applied to the wall of the tube, with a fixed heat flux of

n o mrmwm applied to it. As an incompressible
nanofluid, water / A0z nanofluidwas sent into the tube
with laminar flow in steadstate and uniform velocity

(6 7Y) and temperature”™ ¢ yap or Y

¢ o at the input section. At the exit, fully developed
conditions both hydrodynamically and thermally are
applied. Rgnolds number of the fluid flowing into the
tube was fixed at 50, 75, and 100. The nanoparticles were
assumed to be spherical with an average particle diameter
of 20 nm. Those were supposed to be in thermodynamic
equilibrium with the base fluid with mslip concerning its
molecules.

3. Numerical method description

The numerical method that is utilized in this research is
explained as follows.

"=6000 W/m’
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Figure 1. Schematics of the problem in a tube.

3.1. Axisymmetric lattice Boltzmann method
for hydrodynamicpart of the flow

To simulate axisymmetric flows, Zhou [20] revised the
so-called general axisymmetric lattice Boltzmann method
[21] to eliminate the need for calculating the velocity
gradients. The Zhou has modified the Lattice Boltzmann
equation with foce and source/well terms is as follows:

Mo 9wbd wo "Qad
1 "Qap
"Q @ 1)
UL —wo —=—Q 0
’ Il

Where "Q and "Q are the particle and the local
equilibrium distribution function respectivelw d@ 0
and—are the time step, a coordinate vector, a series of
weighting factors and the source or sink term as per
respectively.

"6

Moreover, Fi is the force term with its definition
expressed as follows:
” () () C" l‘d)

"0 : ‘| | (3

and k is expressed as follows:

P ~ P —

whereQ is theith element of the velocity vector for a

particle in| direction;] is an effective relaxation time
(hydrodynamic frequency) in relation to the hydrodynamic
dimensionless single relaxation tim& , with the
following definition:
|

oL | n

T 5)

P ¢t PQ w ..

s p - hi 1

ot ci

In Equation (5), the definition of the hydrodynamic
dimensionless single relaxation time in a cylindrical
coordinate system is as follows:
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(6)

WWo
If we use the twalimensional lattice’®@ 0 ) that
shown in Figure 2, the value of will be as follows:

T
v— | T
l’llp*)
o5 | plofuix (7)
r'ep ko
Ug o \ G hphp

While B is defined as follows:

(5]
i o
“ p 8
P L P ®

’?”?‘,L AT Y e
_ WwEH thT h 1

In the above equation_ denotes the following
expression:

p | plofi

Vic | clifphp

wherell is a constant which takes a value of 6 for a
Q.0 lattice.

©)

Macroscopic variables of theow, including density
and axial and radial velocity components of the fluid, are
defined as follows:

" Q (10)
s 8 8Q (12)
"8 8 8Q (12)
o 1 »
6 2 3
e 1 . 1 o
7 4 8
' i e

Figure 2. The two-dimensional 9-velocity lattice (O 'O ) [20].

Local distribution function)Q , is as follows:
Qo0 wQQoo
W, . q w

a
o f (13)

Equation (1) can be solved at either of two stages:
collision and streaming.
The flow field at collisiorstage:

Qad wo "Qad
T "Q @
"Q @o (14)
L —wo0 —Q 0
* Il

The flow field at the streaming stage:

Equation (14) expresses the collision stage wherein the
postcollision functions,’Q @D 0, are calculated at
0 woas functions of the local and equilibrium
distribution functions at timet. At the streaming
(propagation) stage, the distributiomnttions propagate
across the lattice upon collision. It is worth noting that the
main features of the modified model include as follows.
First, the modified version has all features of the original
Zhouodés model [21], second,
force terms include no velocity gradient, making them
simpler, than the existing designs [42B], and third, it
can easily recover the Navi8tocks equation similar to
the standard lattice Boltzmann method.

3.2. Axisymmetric lattice Boltzmann method
for the thermal part of the flow

Equation (16) expresses the lattice Boltzmann equation
for temperature distribution function using tI’@J‘)w
lattice arrangement for a general node inside the solution
domain in a cylindrical coordinate system, as indidéte
Reference [24]:

Mo 8 wo Q ap
1 Qdd Q @d (16)
p ™ woOY @D

In Equation (16), given the choice of O 0 lattice to
represent the lattice Boltzmann, the "Q & denotes the
temperature distribution functions along discrete velocity
TipFeEy.

represent the equilibrium distribution

vector, © , at point @1 fto and time t, with |
Moreover, Q
functions for temperature, Y @ is the source term, and
1 ¢ is the thermal frequency, as defined in the following:

o F (17)

T ™
For an axisymmetric lattice Boltzmann model in a
cylindrical coordinate system, the source term in Equation
(16) is written as follows:

t

he
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. 0,
Y T Q (18)

Equation (16) can also be solved in two stages: collision
and flow.

The temperature field at collision stage:

Qad o Q@
1 Qdo Q @o (19)
p ™ woY @
The temperature field at tHiewing stage:
Md 9w wd Qad wo (20)

The required thermal equilibrium distribution functions
were taken from Reference [24], as expressed in Equation
(21):

. . 9 8b
Q YO p 5
o @8 G (21)
¢ »
In this equationy -0 -, ando —are

weighting factors in thé® 0 model andT is the fluid
temperature in the lattice Boltzmann environment.
Moreover,® 6 [ denotes the macroscopic velocity
vector whereux and ur represent the axial and normal
components of the macroscopic velocity vector in the
lattice Boltzmann environmentd Y "¥s the sound
velocity in the lattice Boltzmann, which is equaldo

P in the’'0 0 model, withR being the universal gas
congant for an ideal gas.

Discrete velocity vectoi® , for| direction is given as
Equation (22).

. Tim tdh| m
v we i p “7q h

e i QF p“T¢ tah plghof
v - MR (22
v wEé i w*Tt h )
b Qf  w It Wctdh  uheixip

where® WOY"Y —is the lattice Boltzmann velocity

with the time steth and lattice stepDX. Finally, the
macroscopic temperature of the fluid is determined as
follows:
. B "Q
Y —/———— (23)
P T WOo-

The value oft in Equation (17) is a function of

thermal diffusivity [ ), as follows:

(24)

3.3 Boundary conditions

The application of boundary conditions in the lattice
Boltzmann method is a relatively complex matter. This
complexity stems from the fact that there is still no
physical understanding of the behavior of distribution
functions along the boundaries. For engral problem,
there is nothing but macroscopic parameters of the flow.
Therefore, it is necessary to translate this macroscopic
information into the information required for the
distribution function in the mesoscopic scale. There is no
single methodolog for performing this translation step.
Inappropriate performance of this stage imposes
significant impacts on not only the accuracy and validity
of the subsequent numerical simulations but also stability
and convergence of the lattice Boltzmann method.

3.3.1.Boundary conditions

In this research, the boundary conditions proposed by
Changet al. [25] and Hoet al. [26] were utilized to
determine the unknown density distribution functions
along the input boundaries, lower and upper walls of the
tube. This mthod combines known local values with a
corrector.

Figure 3 shows the tube boundaries and directions of
the density distribution functions along the boundaries. It
is worth noting that the unknown distribution function is
marked as red arrows.

Unknown distribution functiong, fs, andfs at the input
boundary of the tube are as follows:

0 o e (25)
(0}

a a 2e Py P o (26)
0 G G

9 0 26 2o P oq (27)
0 q G

Besides, unknown distribution functiofasfs, andfs on
the lower wall of the tube are as follows:

Q Q (28)
— e P
Q Q c Q 'Q (29)
— e P
Q Q c Q 'Q (30)

The unknown distribution functiorfs, fz, andfs on the
upper wall of the tube are as follows:

Q0 (31)

(32)
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Upper Wall

Figure 3.Mass density distribution functions at boundary
points along the tube.

Q Q P Q Q (33)
G

The vector of velocity at the output section of the tube
is unknown; however, given the larger lengthdiameter
ratio of the tube in this study, the velocity profile at the
output section of the tube is expected to reach the fully
developed state. If theutput boundary of the flow field is
located at = N, then the values of the unknown functions
f3, fs, andfz along such boundary can be obtained from the

first-order extrapolation method proposed as follows [27]:

GG (34)
GG (35)
GG (36)

Moreover, to enhance the solution accuracy, one can
adopt secondrder extrapolation, as follows:

QG O (37)
QG O (38)
QG O (39)

3.3.2. Boundary conditions

The state of temperature distribution functions along
the tube boundaries iN@ 0 lattice Boltzmann model is
the same as that of density distribution functions. In this
research, the boundary conditions proposed in Ref. [27]
were used to determine urdwn particle temperature
distribution functions along the input and output
boundaries. To formulate unknown particle temperature
distribution functions along the lower and lower walls of
the tube, the boundary conditions proposed in Ref. [28]
were utilized Figure 4 shows the tube boundaries along
with the directions of the density distribution functions

o

g I
R -
v Upper Wall
. g Sy 2 .
Intrance,, Eie e o+ bxil
ORI . g Trog
o0 g 2 g T B
A o = ¢
1* .ﬂ.- 1|| :! o g 1IJ -z
—— " - o N
bt g S
gl ) g ",_ g g ! \g.
g " O
P g f, _¢ 5
. 2. -¢
o N
1 Lower Wall

Figure 4 Temperature distribution functions at points along
the tube boundary.

along the boundaries. It is noteworthy that the unknown
distribution functions are highlighted as red arrows.

The unknown distribution functiorgs, gs, andgs along
the tube boundary were defined as follows:

Yo 0o Q (40)
M Yo 0 00 (41)
Q YO 0 Q (42)

In the above equationsi, is the nanofluid temperature

In the present problem, constant heat flux was applied

on the tube wall s; therefore,
r =+ Rgives:
TQT Y TQT Q
— UL —
L i (43)
n

In Equation (43)knr is the thermal conductivity of the
nanofluid passing through the condufjgéssthe constant
heat flux applied to the tube wall, agds the temperature
distribution function. If the lower wall is located® T,
then the unknown temperature distribution functions on
the lower wall of the tube can be written as follows:

QG Q' '10.01 (44)
Q

QG Q' 7101 (45)
Q

QG Q' le(Pl (46)

If the upper wall is located at M, then the unknown
temperature distribution functions on the upper wall of the
tube can be written as follows:

Q@ Q® p ) (47)
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Table 1. Thermophysical properties of different phases of the nanofluid.

Property Solid phase [8] Liquid phase(water)[29]
Q w 0 W X Ppm Y
! m. K WINPT XY ™ML YPouuu
(C( : ™ we @t Y
K mMICYT ¢ p& X ¢ w
” g ™ p T ¢ It Y
0 Y WFe "
.- Ve (T CW p RS
01 (< 5l
|
% . Q i
() Yypdq/ Kg. K o .
%o %o T Pt orst v ( ((
o s N wi Similar to the density, Zhuan and Rutzel [5] proposed
Q ) Q@ p o (49) Yy [5] prop

Given the larger lengtto-diameter ratio of the tube in
this study, the temperature profile at the output section of
the tube is expected to reach a fully developed state, so that
temperature variations in flow direction at the output
boundary would be mgigible. If the output boundary of
the temperature field is locatediat N, then the values of
the unknown functions along such boundary can be
obtained from the firsbrder extrapolation method
proposed, as follows [27]:

Qp Qr (50)
Qp Qp (52)
Qp Qp (52)

Moreover, to enhance the solution accuracy, one can
adopt secondrder extrapolation, as follows:

Qn Qi Qr (53)

Qn O Q5 (54)

Qrn CQn Qp (55)
3.4 Thermophysical properties of the

nanofluid

The thermophysical properties of different phases of
the nanofluid are detailed in Table 1. As can be observed
in this table, density, viscosity, and thermal conductivity
of the liquid phase (water) are functions of the injwitif
temperature.

Pak and Cho [30] proposed temperatimgependent
constant values for a density of the nanofluids based on a
volumetric fraction of the nanoparticles, as written in
Equation (56).

” p %0 ” %0” (56)

wherejbr, }p, @andynt denote the densities of the base
fluid, nanoparticles, and the nanofluid, respectively,%and
is the volumetric fraction of the nanoparticles.

constant temperatwiadependent values for the thermal
conductivity of the nanofluid as a function of the
volumetric fraction of the nanoparticles, as expressed in
Equation (57).
" 0N P % " 6N
(57)

%" & 1)

Numerous models have been proposed for the viscosity
of nanofluids as reviewed by Huminiet al. [31]. In the
present research, we used the model proposed by Maiga et
al. [32], as written in Equation (58).

‘ P X&% p %o * (58)

Where* ..and* . gre viscosities of the base fluid and
nanofluid,respectively.

The most significant parameter for representing the
enhanced thermal potential of nanofluids is their thermal
conductivity. Consequently, the determination of thermal
conductivity is of paramount importance in nanofluids. As
reviewed by Humiit et al. [31], various models have been
proposed for this purpose. In the present work, we use the
model proposed by Maxwell [33], as per Equation (59):

- N Q

. C%OTQ 0
Q 7 ~
Q ¢Q

% Q Q
Q

(59)

whereQ s the themal conductivity of the nanofluid,
Q, is the thermal conductivity of the base fluid, dpds
the thermal conductivity of the nanoparticles.

Thermal diffusivity and Prandtl number of the
nanofluid can be calculated from the following
relationship respively [31]:
| Q (60)

8

_— (61)

In this problem, the solution method is that the
nanofluid's thermophysicgroperties are calculated first.
In the next step, to solve the hydrodynamic part of the
flow, Equations 14 and 15 are solved by using the
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Figure 5. Axial dimensionless component of the velocity
profile at the hydrodynamic ally developed section of the tube
under different grid arrangements with respective analytic
solutions.

------- Mesh=4171201
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Figure 6. Variations of the axial dimensionless component of
the velocity along the tube axis for different grid
arrangements.

Table 2. Investigation of grid independence and validation.

0p w
Mesh Y - (o] -
Present Relative Present Relative
work error% work error%
41x2101 1.9285 3.5756 45 10
71x2101 1.9745 1.2749 4571 8.58
101x3001 1.9877 0.6144 4.636 7.28
131x3901 1.9889 0.5548 5.04 1

boundary conditions in Equations 25 to 39. After
validating the solution, equations 19 and 20 are solved to
obtain the thermal part of the flow by using the boundary
conditions in Equations 40 to 55.

4. Grid independence and validation

In this problem, the lattice Boltzmann model with
identical spatial steps alox@ndr directions was utilized.

In order to ensure grid independence of the lattice, the
problem was solved using four different lattices at

Reynolds number of 100 for base fluid (water) and the
following results are presented and compared.

Axial dimensionless@mponent of the velocity profile
at the hydrodynamically developed section of the tube
under four different grid arrangements with respective
analytic solutions are illustrated in Figure 5. According to
Figure 5, the finer size, the closer would get thieaity
profile to a perfect hyperbola (i.e. analytic solution).

Figure 6 depicts the variations of the axial
dimensionless component of the velocity along the tube
axis for different grid arrangements. On this figure, it is
evident that the finer the gridthe more accurate would be
the obtained location of hydrodynamic development of the
flow based on the analytic solution (Table 2).

Table 2 presents an interpretation of the results
demonstrated in Figures 5 and 6 for investigating the grid
independenceral validation of the present methodology.

A comparison between the maximum axial

dimensionless velocity—) obtained from this method

to that calculategero Y p - (adapted

from Ref. [34]) for different grid arrangements show that
the difference between the results of a 101 x 3001 lattice
and a 131 x 3901 lattice is less than 0.06%, with a percent
error of only 0.61% concerning the analytic solution.
Moreover, comparing thBydrodynamic entrance length

«j O obtained from this method to that fromg ‘O

3t ¥ Q (adapted from Ref. [35]) for different grid
arrangements showed that the difference between the
results of a 101 x 3001 lattice and a 131 x 3901 lattice is
less han 4.02%, with a percent error of 7.28% regarding
the analytic solution ¢j ‘O v). This was while the
coarser grids required merely one seventh of the
processing time taken for the finer grids. Therefore, the
101 x 3001 lattices were chosen for solvihg problem.

To ensure the validity of the results in the thermal part
of the flow, variations of the Nusselt number of the base
fluid (water) with Prandtl number of 5 were calculated on
the tube walls. Moreover, the obtained Nusselt number
was compared tthat calculated by Hornbeck [36] and the
percent error values are reported in Table 3. As one may
observe in Figure 7, the Nusselt number was plotted in the
rangeof@rmp & 181 ¢ and the curve of Nusselt
number obtained using the present metiogy reveals
that the present method provides a good agreement with
t he Hornbeck©és [ 36]
Furthermore, Table 3 indicates that the percent relative
error of the present research compared to Ref. [33] is
something between 4 and 18.1%th an average percent
relative error of 9.21%.

curve

of
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Figure 7. A comparison of variations of Nusselt number for
the base fluid between the present solution method and Ref.
[33].

Table 3. A comparison between the Nusselhumber in the
present research and that in Ref. [33] at different values af.

o * Present Hornbeck Relative
"-_=|i|-_> work [33] error %
0.001 17.01 14.4 18.1
0.0015 13.80 12.2 131
0.002 12.15 10.9 115
0.003 10.20 9.4 8.6
0.004 9.10 8.5 7.1
0.005 8.39 7.9 6.3
0.006 7.86 7.4 6.2
0.008 7.12 6.7 6.1
0.01 6.62 6.2 6.7
0.015 5.85 5.6 4.47
0.02 5.41 5.2 4.1
5. Results

The results are plotted in the form of diagrams of forced
convection heat transfer coefficient and Nusseltnber
versus the ratio of the axial distance from the start of the
tube to the tube height Figures81i 12 show the results

of the present numerical method for the watatuminum
oxide nanofluidat input temperature of 20and either of
four volumetric concentrations: 0% (water as base fluid),
1%, 3%, and 5%.

5.1 Effect of volumetric ratio of nanoparticles
on forced convection heat transfer

Figures 8 and 9 present the variations of forced
convetion heat transfer coefficient and Nusselt number

h [W/m?K]

1 1

0.1 1 30

x/D

Figure 8. Variations of forced convection heat transfer on the
lower wall of the tube at different volumetric fractions for
Reynolds number of 50 and Tin = 293K.

for the wateraluminum oxide nanofluidt four volumetric
concentrations, namely 0% (water as base fluid), 1%, 3%,
and 5%, at Reynolds number of 50 and input temperature
of 28 . As can be observed in Figure 8, as one moves
along the length of the tube, increasingly lower values of
heat transfecoefficient were observed. Indeed, given the
constant nature of the heat flux applied to the entire length
of the tube, the tube wall temperature increases, thereby
increasing the temperature difference between the fluid
and the wall and hence reducinget heat transfer
coefficient have occurred. In other words, the heat transfer
is mainly performed at the input section of the tube, and as
one moves along the tube toward the thermally developed
part of the flow, the increased temperature difference
betwee the fluid and the tube wall lowers the heat transfer
coefficient. consequently, when designing cooling
systems, the designer must keep in mind that the heat
exchange shall occur in the thermally developed flow
zone. In Figure 8, it is observed that tbeced convection
heat transfer coefficient increases with the nanoparticle
concentration increasing. The average increase in forced
convection heat transfer coefficient along the tube length
(m - oy was found to be 3.22%, 10.52%, and
18.86% at a voluntac concentration of 1%, 3%, and 5%,
respectively. The introduction of nanoparticles to the base
fluid enhances the thermal conductivity of the nanofluid
over the base fluid, and this contributes to increased forced
convection heat transfer coefficientdigh the nanofluid,
as compared to the base fluid.

Figure 9 depicts that the Nusselt number increases with
nanoparticle concentration. Accordingly, the average
increase in Nusselt number along the tube lermgth £

o Jjt was found to be 0.30%, 1.47%, aB22% at a
volumetric concentration of 1%, 3%, and 5%, respectively.
Please note that the difference between the increases in
forced convection heat transfer coefficient and Nusselt
number stems from the fact that thermal conductivity
appears in the denondtion of the Nusselt number.
Therefore, since an increase in the nanoparticle
concentration translates into enhanced thermal
conductivity, then the increase in the Nusselt number upon
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Figure 9. Variations of Nusseltnumber on the lower wall of
the tube at different volumetric fractions at Reynolds number
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Figure 10. Changes in the wall temperature and bulk
temperature at different volumetric fractions for Reynolds
number of 50 and’Y ¢ wwo.

enhancing the nanoparticle concentration is somewhat
lower than the respective increase in forced convection
heat transfer coefficient. Figure 9 further shows the
changes in the Nusselt number on the lower wall of the
tube at different volumetifractions of the nanoparticles,
as compared to the analytic solution, in the fully developed
section of the flow. On this basis, the value of Nusselt
number as per the present numerical solution for pure
water in the fully developed section was foundéo4.61,

and the fact that Ref. [31] reports a Nusselt number of 4.36
for the fully developed section of the tube, the percent
error is 5.68%. Moreover, the thermal development length

( — ) obtainedfrom the present numerical solution for
pure water wagound to be 11.32, and since the thermal

Ied

development length obtainq:mar:— 0 1[31] for pure

water is 11.56, the respective percent error is 2.09%.

To better understand the reason behind higher forced
convection heat transfer coefficient andnbe Nusselt
number with increasing the volumetric concentration of
nanoparticles in the base fluid, curves of changes in wall
temperature and bulk temperature of the nanofluid along
the tube length at four volumetric fractions (0% (base
fluid, water), 1%3%, and 5%) are presented in Figure 10.

6000 ey — Ty

$=005 & T =203K

5000

Re=50

4000 -

3000 -

h [W/m?K]|

2000 +-

1000 -

1 10 30

Figure 11. Changes in the forced convection heat transfer
coefficient on the lower wall of the tube at different Reynolds
numbers at a volumetric fraction of 5% andTin =293 K.
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Figure 12. Changes in theNusselt number on the lower wall
of the tube at different Reynolds numbers at a volumetric
fraction of 5% andTin =293 K.

This figure indicates that the decrease in the tube wall
temperature and balk temperature of the nanofluid,
increases along the tulength, as compared to the base
fluid.

5.2. Effect of Reynolds number on forced
convection heat transfer

Figures 11 and 12 illustrate the variations of forced
convection heat transfer coefficient and Nusselt number
for the wateraluminum oxide nanofluidtaa volumetric
concentration of 5%, input temperature o82@nd three
different Reynolds numbers, namely 50, 75, and 100.
Figure 11 shows that an increase in Reynolds number adds
to the forced convection heat transfer coefficient.
Accordingly, the averag increase in forced convection
heat transfer coefficient along the tube length (-

o 1 was found to be 18.86%, 20.32%, and 21.36% at
Reynolds numbers of 50, 75, and 100, respectively.

Figure 12 indicates that an increase in Reynolds number
increases the Nusselt number. Accordingly, the average
increase in Nusselt number along the tube lermgth ¢
o Jtat a volumetric concentration of 5% was found to be

3.22%, 4.48%, and 5.38% at Relgmnumbers of 50, 75,
and 100, respectively. As can be observed in the figures,



R.Bahoosh / JHMTR 8 (2021})- 85

the forced convection heat transfer coefficient and Nusselt
number increased with increasing Reynolds number.

5.3. Effect of input temperature on forced
convection heatransfer

In this research, the forced convection heat transfer
coefficient and Nusselt number of the studied nanofluid
were calculated at two different input temperatures to
evaluate the capability of the nanofluid for relative
enhancement of forced conven heat transfer coefficient
and Nusselt number at different temperatures. To analyze
the impact of volumetric concentration of the
nanoparticles on forced convection heat transfer
coefficient and Nusselt number, Tables 4 and 5 represent
the percent chayes in forced convection heat transfer and
Nusselt number of the nanofluid, respectively, as
compared to the base fluid for different volumetric
fractions of the nanofluid in several axial distances. The
figure indicates that, at any axial distance andafgiven
volumetric fraction of the nanopatrticles, forced convection
heat transfer and Nusselt number increase with decreasing
the input temperature.

81

Moreover, in order to analyze the impact of Reynolds
number on the forced convection heat transfer coeffic
and Nusselt number, Tables 6 and 7 represent the percent
changes in forced convection heat transfer and Nusselt
temperature increases the forced convection heat transfer
number of the nanofluid, respectively, as compared to the
base fluid at the sanfReynolds number for several axial
distances. The results indicate that a decrease in input
coefficient and Nusselt number, as compared to the base
fluid, at any axial distance for a given Reynolds number.
To investigate the effect of input temperature the
relative increase in forced convection heat transfer
coefficient and Nusselt number, average percent increases
in forced convection heat transfer coefficient and Nusselt
number for a volumetric fraction of 5% and the entire
length of the tuber{ - o Jtis presented in Table 8.
Corresponding results to the starting segment of the tube
(T — X) are tabulated in Table 9. The presented
results imply that the wat@uminum oxide nanofluid
with a concentration of 5% at an input temperature of 15
(288K) exhibits higher heat transfer and Nusselt number
than those of the same nanofluid at an input temperature
of 208 (293K). Moreover, the results revealed that such

Table 4. Percent changes in forced convection heat transfer coefficient at different volumetric fractions and Reynolds number of 50
for different axial distances and two input temperatures.

} p =) ; p

oI h h h
L L L L L T
0.11 3.85 3.94 13.52 13.63 25.09 25.45
1 3.76 3.85 13.12 13.43 24.44 24.75
3.52 3.64 3.73 12.62 12.71 23.39 23.66
7.06 3.47 3.48 11.74 11.84 21.52 21.80
11.30 3.24 3.28 10.71 10.79 19.39 19.58

Table 5. Percent changes in Nusselt number at different volumetric fractions and Reynolds number of 50 for different axial distances
and two input temperatures.

‘ p P } =)
. Nu Nu Nu
b I L L L L
0.11 0.91 0.10 4.22 4.32 8.62 8.9
1 0.82 0.91 3.86 4.14 3.40 8.32
3.52 0.70 0.79 3.40 3.48 7.15 7.38
7.06 0.54 0.55 2.59 2.68 5.52 5.76
11.30 0.32 0.36 1.65 1.72 3.68 3.83
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Table 6. Percent changes in forced convection heat transfer coefficient at different Reynolds numbers at a fixed volumetric fraction
of 5, as compared to the base fluid, for different axial distances and two input temperatures.

im {m im
oI h h h
L L L L L
0.11 25.09 25.45 25.25 25.65 25.34 25.71
1 24.44 24.75 24.60 25.94 24.69 25.01
3.52 23.39 23.66 23.78 24.09 24.14 24.32
7.06 21.52 21.80 22.88 23.11 23.46 23.78
11.30 19.39 19.58 21.31 21.54 22.40 22.61

Table 7. Percent changes in Nusseliumber at different Reynolds numbers at a fixed volumetric fraction of 5, as compared to the
base fluid, for different axial distances and two input temperatures.

H CH T
oTA f 1 f
Nu Nu Nu
fi 1 € Mg € it € iy € Mt € Mt €
0.11 8.62 8.93 8.76 9.10 8.84 9.16
1 8.06 8.32 8.21 8.48 8.28 8.54
3.52 7.15 7.38 8.49 7.74 7.80 7.94
7.06 5.52 5.7593 6.71 6.90 7.21 7.47
11.30 3.68 3.83 5.34 5.53 6.30 6.46

Table 8. A comparison between the average percent increase in forced convection heat transfer coefficient and Nusselt number at

two different Reynolds number whenr o tfor a volumetric fraction of 5% at two different temperatures

46
im ! S A LI "
50 18.86 19.13 3.22 3.35
75 20.32 20.64 4.48 4.66
100 21.36 21.72 5.39 5.60

Table 9. A comparison between the average percent increase in forced convection heat transfer coefficient &hgsselt number at

two different Reynolds number whentg - X for a volumetric fraction of 5% at two different temperatures.

I I
{m . v . n . v §o. v
50 23.33 25.01 7.09 7.75
75 23.90 25.63 7.59 8.29
100 24.16 25.91 8.82 8.54
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an increase is even more pronounced along the starting
segment of the tube.

The larger increase in heat transfer for the nanoétid
lower input temperature can be linked to the higher
viscosity gradient at lower temperatures. This may lead to
increased viscosity gradient inside the tube, thereby
contributing to the nanoparticle migration and Brownian
motions and hence heat transfefherefore, when
designing cooling systems with let@mperature thermal
fields, the use of watealuminum oxide nanofluid rather
than pure water can further add to heat transfer.

Conclusion

In this research, to investigate the flow and forced
convection heat transfer through homogeneous
water/AkOs nanofluid inside a horizontal tube, the
axisymmetric lattice Boltzmann method was used. The
heat transfer was performed along with a stestdie flow
under a laminar flow regime. Uniform velocity and
temperature were assumed at the input section, constant
heat flix was considered on the walls of the conduit, and
the fully developed condition for the velocity and
temperature was assumed at the output section of the tube.
The effects of the volumetric concentration of the
nanoparticles and input temperature to thoeton thermal
parameters of the flow were investigated at different
Reynolds numbers. According to the obtained results, the
following conclusions were drawn:

1  The results indicated that the utilized axisymmetric
lattice Boltzmann method is capable of slating the
flow and heat transfer with good accuracy.

f The amounts of increase in forced convection heat
transfer coefficient and Nusselt number of the
nanofluid were functions of the volumetric
concentration of the nanoparticles; so that with
increasing tk volumetric concentration of the
nanoparticles, the amounts of forced convection heat
transfer coefficient and Nusselt number of the
nanofluid over those of the base fluid increased.

1  With increasing Reynolds number, forced convection
heat transferaefficient and Nusselt number increase
over the base fluid and nanofluid.

1 With decreasing the input temperature, forced
convection heat transfer coefficient and Nusselt
number increase over the base fluid and nanofluid for
any axial distance and a given yRelds number;
Moreover, with decreasing the input temperature,
forced convection heat transfer coefficient and
Nusselt number increase over the base fluid and
nanofluid for any axial distance and a volumetric
fraction of the nanopatrticles.

1 Average increas in the values of the heat transfer
coefficient and Nusselt number of the water
aluminum oxide nanofluid were larger at lower input

temperatures; Moreover, this increase was even more
pronounced in the starting segment of the tube.

1 The average increase iforced convection heat
transfer coefficient of the nanofluid at input
temperature of 15 was 7.24% larger than that at the
input temperature of 20.

1 At lower input temperature to the tube, percent
increases in forced convection heat transfer
coefficient and Nusselt number increase with
Reynolds number.
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