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ARTICLE INFO ABSTRACT

Keywords: In this paper, the thermo-hydrodynamics of Al,O;-water nanofluid in a wavy U-turn channel with hot walls is
Wavy wall numerically investigated by means of lattice Boltzmann modeling. At first, the numerical technique is validated
E}ZII\I/IOHUM by simulating fluid flow in a (non-)wavy straight channel. Then, the effects of various active parameters, e.g.

pressure gradient in the channel, nanoparticles volume fraction, and number of sinusoidal waves along the chan-
nel, on the flow field and heat transfer is studied. Furthermore, the thermal-hydraulic performance factor is
determined to investigate whether heat transfer enhancement outweighs the greater frictional losses caused by
both complex wavy wall geometry and nanoparticles. The results show that the heat transfer rises by increasing
pressure gradient in the channel while drops by increasing number of waves. Also, the effect of nanoparticles
volume fraction on dimensionless Nusselt number becomes more pronounced at higher pressure gradients. The
results indicate that the thermal-hydraulic performance factor grows by increasing nanoparticles volume fraction

U-turn channel
Thermal-hydraulic performance factor

or decreasing the number of waves.

1. Introduction

Fluid flow with heat transfer inside channels occur in many engi-
neering applications such as heat exchanger systems, heat sinks, cooling
systems and chemical reactors [1-3]. However, the intrinsic low ther-
mal conductivity of heat transfer fluids is considered a major drawback
on the heat transfer in thermal systems. Hence, improving heat transfer
rate of flows is very important for designing high efficiency engineering
systems.

In recent years, nanofluids have been proposed to improve the ther-
mal conductivity of heat transfer fluids. A nanofluid is a fluid composed
of a mixture of a base fluid (such as water, organic fluids and bioflu-
ids) and a significant number of nano-scale particles (such as metals and
metal oxides) and is shown to enhance heat transfer in forced convection
applications [4-7]. The properties of nanofluids are dependent on physi-
cal properties of based fluid and nanoparticles, geometry and dimension
of nanoparticles and existing interactions between the nanoparticles and
the base fluid (such as fractions and interface effects). The precise def-
inition of these parameters allows the precise characterization of the
nanofluid. Sheikholeslami and Ganji [8] studied the effect of shape fac-
tor on nanofluid forced convection considering the impact of Lorentz
forces. Their Results proved that temperature gradient augmented with
rise of Darcy and Reynolds numbers while it decreased with increase of
Lorentz forces.
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Another distinct method to enhance heat transfer rate of fluid flows
in channels is the use of complex channel geometries to induce con-
vective transport and mixing in laminar flows [9]. The wavy walled
channel is one of these complex geometries which is used widely to
enhance heat transfer efficiency of industrial transport processes such
as compact heat exchangers and high efficiency membrane oxygenators
[9-10]. Generally, when fluid flows in wavy channels, wall corrugations
create a steady vortex or swirl in laminar flows in the furrow regions of
the wavy wall. The changes in flow mixing, boundary layer disruption,
and thinning cause heat and mass transfer enhancement near the wavy
walls.

The ability of the wavy channel geometry to enhance mixing and
heat transfer has been studied extensively. A significant amount of re-
search has been devoted, using both numerical [11-15] and experimen-
tal [16-18] techniques, to better understand the physical mechanisms
behind these enhancements. The most noticeable conclusion from those
investigations is that a significant increase in heat transfer is experienced
when the Reynolds number increases and the flow becomes unsteady.
Also, it has been demonstrated that an increase in the pressure drop
always enhances the heat transfer flow in a straight channel. These con-
clusions indicate that using wavy walls to increase mixing is a viable
option for heat transfer devices.

The usage of nanofluids in channels with wavy walls could be an
effective method to enhance the rate of heat transfer in channels, signif-
icantly. Some studies have been done on nanofluid flow through wavy
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channels. Ahmed et al. [19] numerically investigated the flow and heat
transfer of a copper—water nanofluid flow through a wavy channel with
isothermal walls. They found that the friction coefficient and Nusselt
number increase as the amplitude of wavy channel increases. In addi-
tion, it was found that the local skin-friction coefficient rises with in-
creasing amplitude of the wavy wall for the pure water, but this augmen-
tation is less for the case of a nanofluid. Yang et al. [20] performed an
optimization procedure on the heat transfer enhancement for nanofluid
flow in a two-dimensional wavy channel, for Reynolds numbers of 250-
1000. They showed that the enhancement in heat transfer mainly de-
pends on the nanoparticle volume fraction, the amplitude of wavy wall,
and the Reynolds number. Heidary and Kermani [21] studied numeri-
cally heat transfer and flow field in a wavy channel with nano-fluid, and
showed that the heat transfer rate inside the channel was enhanced up
to 50% by using the nanoparticles and wavy walls. Akbarzadeh et al.
[22] performed a sensitivity analysis by means of surface methodology
in order to manage thermal and pumping power for nanofluid flow in-
side a wavy channel for different Reynolds numbers. They found that
wavy channels with high amplitude, have a significant pressure drop
which leads to an increase in pumping costs. Esfahani et al. [23] ana-
lyzed the entropy generation for the Cu-water nanofluid flow through
a wavy channel. They indicated that the thermal entropy generation is
main term in most part of the channel, including near the wavy walls.
Moreover, they showed that the rise in viscous entropy generation with
Reynolds number increases with increasing dimensionless amplitude.

In the past two decades, the lattice Boltzmann method (LBM) has at-
tracted significant attention as an alternative technique to solve complex
fluid flow problems [24-33]. The simple form of the governing equa-
tions, the space-time locality, the straightforward parallelism, the easy
grid generation and the capability of incorporating complex microscopic
interactions are the main advantages of the LBM. Moreover, the pressure
field and the stress tensor are locally available, without the need for solv-
ing any Poisson problem [34]. The LBM is a mesoscopic method which
uses the discrete Boltzmann equation to model a Newtonian fluid that
is governed by the Navier-Stokes equations. As a mesoscopic method,
LB method integrates both microscopic and macroscopic characteris-
tics, which make it receive much attention in simulating nanofluid flow
problems [35-36]. Kefayati and Tang [37] investigated on the natural
convection and entropy generation of non-Newtonian nanofluid, using
the Buongiorno’s mathematical model in a cavity in the presence of a
uniform magnetic field by LBM. They have shown that the increase in
the Brownian motion and Thermophoresis parameters enhance the to-
tal irreversibility and ameliorate mass transfer and declines heat trans-
fer significantly. Recently, Ashorynejad and Zarghami [38] studied the
effects of uniform vertical magnetic field on thermo-hydrodynamics of
nanofluids in a partially porous channel by LBM. Their results revealed
that the Nusselt number is an increasing function of nanoparticle vol-
ume fraction, Hartmann number, pressure gradient and Darcy number,
although the effect of Darcy numbers and pressure gradient on the tem-
perature profile are more noticeable than others.

Fluid flow in curved channels with various bend angles has several
applications in solar collectors, heat exchangers and rotary power ma-
chines such as gas turbines [39-40]. Despite the numerous studies of the
force convection in wavy channels with nanofluids, to the best knowl-
edge of the authors, there is no study on the force convection in the wavy
U-turn channels with nanofluids. In the present study, the force convec-
tion heat transfer of Al,05-water nanofluid in a wavy U-turn channel is
simulated numerically. For this purpose, the thermal LBM with double-
distribution function (DDF) model is used to capture the temperature
field. The walls are assumed to be isothermal with constant high temper-
ature. In order to carry out fundamental investigations, gain exhaustive
understanding into the problem, and also examine the capability of the
proposed numerical method, we first start with a two-dimensional ge-
ometry as a case study in the present work. For this purpose, the effect
of various physical parameters, such as volume fraction of nanoparti-
cles, pressure gradient in channel, and geometry of wavy walls on heat
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transfer rate are investigated. The results of this study can be used at
design decisions by engineers for the aforementioned applications.

The rest of the paper are structured as follows: Section 2 presents
the thermal LBM for simulating nanofluids. In Section 3 the flow and
temperature boundary conditions for lattice Boltzmann modeling are
presented, comprehensively. The numerical results are presented in
Section 4. Finally, the concluding remarks are given in Section 5.

2. Thermal LBM for nanofluids
2.1. LBM for fluid flow

The general lattice Boltzmann equation with the BGK approximation
for simulating single-phase flow is derived as following [34]:

f,.(x+ e,-At,t+At> —fi(x,’) _ _%(fi(;’t)_fieq(;’,»

At
where x is spatial coordinate, t is time, f,-(;, t) is the density distribu-
tion function associated with discrete velocity direction i and 7 is the

(€]

relaxation time. The discrete velocities Zi in the ith-direction, for the
D,Qq lattice are given by 20 =0and 2,- = A;(cos§;,sin0;) with 4; = 1,0, =
(i—Drj2 for i=1~4and A, =V/2.0,=(i-5)r/2+x/4 for i=5~38.
The order number i = 1 ~ 4 and i = 5 ~ 8 represent the rectangular and
the diagonal directions of the lattice, respectively. Also, f ,.e" is the equi-
librium distribution function and is calculated as:

(eu) (e-u) (a-u)

+ - 2
c? 2ct 2¢2 @

[ =wpp[ 1+

where ¢, =1/ V/3 is the lattice speed of sound, and w; are the weighting
factors, equal to 4/9 for i=0, 1/9 fori=1~4 and 1/36 for i =5 ~ 8.
The local mass density, the local velocity and the viscosity in the lattice
units are calculated as p = Y, £, U= 0> Z,.f,.)/p and v = (r — 0.5)/3, re-
spectively. Eq. (1) is usually solved through the standard collision and
streaming steps as:

Collision :f,(?,z + At) = f,-(;,t> - %(f,.(},z) - ffq(;,t)> 3)

Streaming : £,(x + ¢, At 1+ Ar) = f,(x.1+ ar) )

where f; represents the post-collision state. The simulation is performed
on a structured Cartesian grid where unit spacing is utilized the dimen-
sionless lattice units, i.e. Ax = At=1. During the streaming step the par-
ticles move from one node to its neighbor node, according to the set of
discrete velocities. Computationally speaking, during the streaming step
all distribution functions are copied to the adjacent cell in the direction
of the lattice vector. Therefore, the streaming step involves very little
computational effort. On the other hand, during the collision step the
particles relax towards local equilibrium according to the BGK operator
[34,41].

2.2. Thermal LBM

Ignoring viscous heat dissipation, the thermal LBM based on the dou-
ble distribution function (DDF) model is expressed as follows [42]:

&i (; + g,-At,t+ At) - g,-(;,t) 1
=L -g)
At Tq ! !

®

where the g;’s denote the energy distribution functions, z, is the ther-
mal relaxation time and g°? denotes the energy equilibrium distribution
functions given by:

gt =wT|1+ (6)

2 4
c; 2¢]
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Table. 1

Thermophysical properties of nanoparticles at 30 °C [50].
Property Al, 05
[ (J/KgK) 765
p (Kg/m?) 3970
k (W/mK) 25
d (nm) 47

Solid boundary
PN —

MY

h g

Fig. 1. Sketch of the bounce back boundary condition scheme for an arbitrary
shaped solid wall.

Table. 2
Results from grid independence test for a U-turn channel with four waves,
P,=30and ¢=0.

Mesh size Nu,,. %Change Re %Change
200 x 80 8.182 1.44% 108.60 0.96%
250x 100 8.242 0.72% 109.01 0.59%
300120 8.301 0.04% 109.66 0.03%
400x 160 8.304 - 109.71 -

where T = Y, g; is the temperature and « = (7, — 0.5)/3 is the thermal
diffusivity. It is worth mentioning that the DDF approach is based on
the principle that the isothermal LBM can be directly derived by prop-
erly discretizing the continuous Boltzmann equation in temporal, spa-
tial, and velocity spaces. This model assumes that the viscous dissipa-
tion and compression work can be neglected for incompressible fluids
and the evolution of the temperature is given by the advection—diffusion
equation. Hence, the temperature is considered as a passive scalar trans-
ported by the speed without changing the velocity field [43,44].

2.3. Thermo-physics of nanofluids

To develop the LBM for nanofluid, mesoscopic properties should be
changed due to interaction between nanoparticle and base fluid. Both
the base fluid and the nanoparticles are assumed to be in thermal equi-
librium and to move with the same local velocity. The properties of wa-
ter and Alomina nanoparticles are listed in Table 1. The density (p), and
specific heat (Cp) of nanofluid are obtained from the following formula
[45]:

pny = =P)ps+ dp,, @)
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Fig. 2. Schematic of simulation domain with n=4.

(6Cy),; = A= D)(pC,) , +8(0C,),, ®

where ¢ is the volume fraction of the nanoparticles and subscripts f,
nf and np denote the base fluid, nanofluid and solid nanoparticles, re-
spectively. The Effective viscosity of nanofluid, u, is calculated as a
function of temperature and the volume fraction of nanoparticles with
the following correlation was presented by Abu-Nada [46]:

19.582 2094.47 ) ¢
oy = —0.155 = 225 +0.794¢ + T8 —0.19247 ~ 8.1
27463.863 3 @? ¢
— 202907 4 0.0127¢° + 1.6044— +2.1754— 9
PR ¢+ T+ 72 9)

where the viscosity and temperature are expressed in centi poise and
centigrade. It is clear that the effective viscosity increases (decreases)
by increasing the particle volume fraction (temperature). The effective
thermal conductivity of the nanofluid, k., is approximated by [47]:

AP AP
knf :k/+kp A_f) +Cka(, A_f

where c is constant and evaluated experimentally, P, = u,d,/a, and

4, ¢

dy1-¢
where d,, is the diameter of solid particles and d; is the diameter of liquid
particles (see Table 1). Also, u, is the Browning motion velocity which
is calculated as:
_ 2TK,

ﬂd’% Hy

10)

A A =

an

u, (12)

For more accurate simulation in this study, some properties of the
base fluid (i.e. water) are allowed to vary with temperature. The expres-
sions of temperature dependent thermo-physical properties are given as
follows [48-50]:

o(T) = 1000|1 — (T+H1591D 7 196 9863)2 (13)
508929.2(T — 204.87037)
u(T) = 1.005 x 10-3(i)8'9 exp [4700(l - L)] (14)
293 T 293
Cp(T) = 3908 + 3.826T — 0.01674T% +2.33 x 10773 (15)
k(T) = —1.579 + 0.01544T — 3.515 x 10T + 2.678 x 10757 (16)

3. Boundary conditions
3.1. Flow inlet/outlet boundary condition
The nanofluid flow is driven in the channel by a constant pressure

gradient, i.e. Py, =Py, + Py and Py, =Py, Where p, represents a
constant pressure gradient. In order to apply the boundary condition
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Fig. 3. Comparison of (a) velocity profile and (b) local Nusselt number distribution in a channel for present study and previous studies [50].

24
- & Re=100 Present study
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1
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Fig. 4. Comparison between the numerical solution and previous study [60] for
local Nusselt number distribution along wavy wall with constant temperature
at two different Re numbers and Pr=6.93.

with a constant pressure gradient in the LBM, the so-called Zuo-He
scheme [51] is implemented. The unknown distribution functions at in-
let (here: f;, fs and fg) are determined as:

uin=1_[f0+f2+f4+2(f3+f6+f7)] an
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2

f1=f3+m (18)
1 1

f5=f7+§(f4—f2)+m 19
1 1

f8=f6+§(f2_f4)+6p,-nu,-,, (20)

where p,, = p+72Pypv>S/W3, W is the channel height, S is the length
of the channel centerline (see Fig. 2) and P, represents a dimension-
less pressure gradient in the lattice units [38,52]. Since, the density and
viscosity in this simulation are affected by temperature, the average den-
sity and viscosity throughout the channel are used in the above equation
for calculating the inlet density. A similar equations are written for the
unknown distribution functions at outlet with p,,, = p.

3.2. No-slip boundary condition for curved walls

In order to model the wavy walls as no-slip boundaries in the LBM,
the enhanced bounce-back procedure proposed by Mei et al. [53,54] is
applied. Fig. 1 depicts the schematic of the wall boundary condition for
an arbitrary shaped moving object between the lattice nodes of spacing
Ax. In this figure, b and f denote the lattice nodes on the solid and
fluid side, respectively, and w denotes the intersections of the wall with
the particle velocity directions. The corresponding solid, fluid and wall
positions are given by Q,,, x ; and ;w, and the distance between the
solid node and the wall node can be calculated as A e Ax, where A =
|x; = x,,|/1x; — x,|. Subscript i denotes the direction from a fluid node
to a wall node along a particle velocity direction and subscript i denotes
the reverse direction, i.e., from a fluid node to a wall node. Therefore,
2; = —Ei defines the velocity of particles moving along the ith direction
from x;, to xy.

After the collision step, the probability density function on the solid
side (i.e. f;(;b, 1)) is unknown and is recovered by using the following
interpolation scheme [55]:

f}(?b,z) =1-0f (Qf,t) + )(f‘.*(;b,t) 21)
where

N I S
e
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Fig. 5. Velocity magnitude and stream lines (left panels) and temperature contours (right panels) in a U-turn channel with various number of waves (n=0, 2, 4, 6)
for P, =50, and ¢ =0.
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(a)

(b)

(c)

Fig. 6. Streamlines in a U-turn wavy channel with n=4 and ¢ =0.02 for (a) P, =10, (b) P, =30 and (c) P, =50.

(a)

Fig. 7. Streamlines in a U-turn wavy channel with n=4 and P, =50 for (a) ¢ =0, (b) ¢ =0.02 and (c) ¢ =0.03.

and y=QA-1)/(r-2and u=uy if A<05 and y=
2A = 1)/(z + 0.5)and Upp= [(A -1) / A]uf if 0.5 <A <1. This scheme
formulates a fictitious distribution function at the solid nodes and then
executes the collision step at those nodes. Substantial evidence shows
that the bounce-back boundary conditions combined with interpolation
schemes, and including the one-half grid spacing correction at bound-
aries, are second-order accurate and thus capable of handling curved
boundaries quite well [53-55].

3.3. Thermal inlet/outlet boundary condition

The channel inlet is kept at a constant temperature T;,, so the un-

known distributions functions are calculated on the left boundary by

g1 = Ty (wy + w3) — g5
85 = Tm<w5 + w7) — &7
g5 = Ti(wg + wg) — g6 (23)

For the outflow, the convective boundary condition is applied. This
condition can be written as:
JoT | . oT
v =0 24
ox ox @9
where U = ;(N —1,j,1) is a typical velocity normal to the outlet bound-
ary [57]. The mesoscopic representative of the convective boundary
condition for the unknown distribution functions at outlet boundary lo-

cated at x=N is expressed as follows [57]:
gi(N’j9t) + A’gl(N - lvjst+ 1)
1+4

where A=U(t+1), which is known after the streaming step at the
(N —1th layer.

g(N,j,t+1)= (25)

3.4. Constant temperature for curved walls

It is assumed that the channel wavy walls are in constant temperature
T,q- Following the method presented by Guo et al [58], the distribution
function at a wall node which has a link across the physical boundary is
decomposed into its equilibrium and nonequilibrium parts as follows:

&) = (xet) + (1= 571 ) (301 6)

(b)
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(c)

Here, g; represents the unknown distribution functions coming from
the solid node into the fluid region (see Fig. 1). The equilibrium part is
then approximated with a fictitious one where the boundary condition
is enforced, and the nonequilibrium part is approximated using a first-
order extrapolation based on the nonequilibrium part of the distribution
on the neighboring fluid node.

8 (X ) = Wi T} [1 +3(er- u;;)] @n
g’feq(xw,t) = Ag’,"eq(xf,t) +(1- A)g;ef’(x,f,z) (28)
where for A >0.75:
L1
T) = < [T, + (A —DTy] 29
L1
uy = K[uw + (A - l)uf]
and for A <0.75:
1 1-A
TY = X [T, + (A= DT/] + A [2T,, + (A = DT, /] 0

uz=%hw+m~1mA+i ﬁPwﬂ%A—DwA

+

The heat transfer rate in the channel is characterized using local,
average and mean Nusselt numbers as:

Nu = - ka L E @31)
focal ="k ; T,y = T, (s) on
1
Nuave = 5 (Nulaml,tap + N“local,bm‘mm) (32)
N
1
Numean = ; / Nuaveds (33)

0

Here Dy, and T,,(s) are the hydraulic diameter (here: equal to 2 W)
and bulk mean temperature along the channel defined as:

[T, »U(x,y)dy

T(s) = %

y 00 4
J UG, ydy Gd
y

The thermal-hydraulic performance factor is an important parame-
ter in the heat exchangers to indicate interaction of pressure drop and
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(a)

(b)

(c)

Fig. 8. Temperature contours in a U-turn wavy channel with n=4 and ¢ =0.03 for (a) P, =10, (b) P, =30 and (c) P, =50.

Fig. 9. Comparisons of dimensionless isotherm contours for the pure fluid (solid lines) and Nano-fluid with ¢ =3% (dashed lines) for P, =50.

heat transfer and it is defined by [59]:
Nu/Nu,
(f/fo) 3

(35

where, f = (2p, D)) /(pﬁz) is the channel friction factor. The parameters
fo and Nu, in above equation are the reference friction factor and refer-
ence Nusselt number on the flat U-turn channel without nano particles.
The velocity 4 in this equation relates to mean velocity at the middle of
channel. The dimensionless temperature and velocity are defined as:

T-T,

T = —— (36)
Tw - T[n
D vD

W= = Ty o ) 02 37)
v

4. Results and discussions

4.1. Problem statement

A schematic diagram of wavy U-turn channel is shown in Fig. 2,
where Al,05-water nanofluid flows through it due to the constant pres-
sure gradient. The upper and lower walls are separated by a distance
W, and the periodic shape of both walls is described by f (x) =Asin
(27nx/L), where A, L and n are the amplitude, the length and the pe-
riod of the wall oscillations, respectively. The centerline of the chan-
nel, S, is shown by dashed lines in Fig. 2. The normalized amplitude
A*=A/W=0.33 and L =8.33 W are used for all simulations, while num-
ber of waves (or periods) along the U-turn channel are set to n=2, 4
and 6. The nanofluid is supposed to be laminar, steady and incompress-
ible and enters as a coolant to the domain with constant temperature
T;, =293 K. Also, the wavy walls are kept at constant hot temperature
T,,a1 =313 K. Calculations are performed for different values of the vol-
ume fraction (i.e. ¢ =0%, 2% and 3%) and dimensionless pressure gra-
dient (P, =10, 30 and 50). Also, the Reynolds number is defined as

634

Re=u,,D,/v, where u,, is the mean velocity of the flow and D, =2W
is the hydraulic diameter.

4.2. Validation

The presented numerical technique is validated by reproducing so-
lutions for some benchmark problems. At first, the fluid flow and forced
convection heat transfer in a parallel-plate channel subjected to con-
stant wall temperature is simulated. As expected from classic results for
this problem, the flow will be developing in the entrance region until
it reaches fully developed condition, where no further changes in ve-
locity profile take place in the streamwise direction. Since the pressure
gradient in the fully developed region is constant, the velocity profile
is parabolic, with the maximum velocity at the centerline and equal to
1.5 times the mean velocity. The streamwise velocity profile in the fully
developed region calculated by the LBM is shown in Fig. 3(a). A perfect
agreement is observed between the numerical result and the analyti-
cal solution. The local Nusselt number calculated by the LBM shows
only 0.12% deviation from the Nu,,=7.54 mentioned by many au-
thors such as ref. [50].

Now, the method is validated against previously published results of
Wang and Chen [60] for force convection in a straight wavy-wall chan-
nel with Pr=6.93 and Re =100 and 300. They calculated the local Nus-
selt number along the wavy surface. The results are shown in Fig. 4 and
a good agreement is observed between the models. Fig. 4 shows that
Nuy,.q is higher in the converging section of each wave than in the di-
verging section. The reason is that the flow has a higher average ve-
locity and velocity gradient in the converging sections, which increases
the heat transfer rate. Conversely, the minimum values of the Nu ap-
pear near the maximum cross-sections. This is due to a decrease in the
convective heat transfer effect with the velocity. Also, it can be seen
that Ny, has a maximum value in the first wave, and it has the same
tendency after the tertiary wave. This is because the thermal bound-
ary layers are formed. Furthermore, as the Reynolds number increases,
Nuy,.; along the wavy wall will also increases.
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Fig. 10. Averaged Nusselt number along the channel for pure fluid (i.e. ¢ =0) and nanofluid with ¢ =0.03 at P, =50 for a channel with (a) n=4 and (b) n=6 waves

channel.

4.3. Mesh dependency test

At first, a grid refinement study is performed in order to assess the ac-
curacy of the results and to determine the necessary grid spacing for our
investigation. Table 2 gives a summary of the grid independence tests
for a U-turn wavy channel with four waves, P, =30, ¢ =0. Table 2 con-
tains the values of Nu,,. and Re calculated for each grid resolution along
with their percent differences from the values obtained for the highest
selected resolution (i.e. 400 x 160). Note that the following convergence
criterion, ¢, is used in the present study for the termination of all com-
putations:

N M
Yt Xjmi
£ =
N M
Z,’:l Zj:] |77

where, n, N and M represent iteration number and the number of grid
points in x and y directions, respectively. It can be seen in Table 2 that
the values of N,,. and Re obtained using 300 x 120 nodes differ from
those obtained using 400 x 160 by only 0.04% and 0.03%, respectively.
Because the grid with 300 x 120 nodes provides nearly identical results
with those of highest resolution at significantly lower computational
costs, we used this grid size in our simulations.

Tn+l _Tn

(38)

4.4. Flow in a wavy U-turn channel

Streamlines and temperature contours for a wavy U-turn channel
with Py =50 and ¢ =0 for a range of n (number of waves) from n=0
(flat channel) to n=6 are shown in Fig. 5. Generally for n=0, the flow
at the inlet section is similar to the flow between two parallel flat plates
and axial symmetry is obvious. When the flow reaches the curve, this
symmetry becomes concealed and the bulk flow tends to move to the
inner wall. At the end of the curve, the flow separates from inner wall
and the reversed flow occurs near the inner wall of outlet section; if the
curvature radius is large enough there will not be any separation.

In terms of hydrodynamics (see Fig. 5, left panels), by increasing
the number of waves in a constant length of the U-turn channel, the ad-
verse pressure gradient in the cavity portions of the waves becomes pro-
nounced and as a result, lateral vortices are created in trough (crest) of
lower (upper) wall. The wall waviness creates changes in the heat trans-
fer rate (see Fig. 5, right panels). By increasing the number of waves,
better mixing occurs in the cavity regions that in turn increases the rate
of heat transfer.
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Fig. 6 shows the velocity streamlines for Al,O5-water nanofluid in a
wavy channel with n=4 and ¢ =0.02 for different pressure gradients,
P,. Generally by increasing the pressure gradient, the Re number in the
channel increases as Re & 38, 110 and 212 corresponding to P, =10, 30
and 50, respectively. When the fluid enters to each wave, its motion is
affected by two major influences. The expansion of the channel cross-
section and the resulting deceleration of the fluid motion that causes an
adverse pressure gradient and opposes the fluid flow. At low Re numbers
(see Fig. 2(a)), the inertia of the flow is small and streamlines largely
follow the wall shape due to the large viscous effect, and no recircula-
tion region is formed in the furrow regions. As the Re number increases,
arecirculating region appears in the upstream part of the furrow. By fur-
ther increasing the Re number, the backflow becomes more intense and
the center of the recirculating cell shifts downstream. The recirculation
region is the major key feature of the fluid flow in a wavy channel [27].
Compared to the flow in a flat channel, this feature results in streamline
curvature and non-zero wall-normal velocity in the wavy channel. These
non-zero wall-normal mean velocities and their non-negligible spatial
gradient play a significant role in flow mixing and heat transfer that is
not possible in a channel flow with flat walls. The effect of nanoparticle
volume fraction on the flow streamlines is shown in Fig. 7. By increas-
ing the nanoparticle concentration, the viscosity increases (see Eq. (9)),
which indicates that the overall Re number decreases. Hence, by increas-
ing the nanoparticle volume fraction, the recirculation regions formed
in the trough of the wavy wall are damped.

Fig. 8 shows the temperature distribution inside a wavy channel with
n=4 and ¢ =0.03 for P, =10, 30 and 50. For P, =10, the streamlines
closely follow the channel shape (see Fig. 6a) which leads to the cooling
fluid located in the center of the channel remaining near the center of
the channel and away from the hot walls, resulting in a minor increase
in Nu,,.q, compared to the flat channel. By increasing P, the flow rate
increases and the reversal flow occurs in trough (crest) of lower (upper)
wall. By further increasing Py, the size of recirculation regions increases
and hence the strength of these recirculation regions to the main flow is
pronounced, therefore the flow becomes more disturbed. Furthermore,
the core fluid must turn to pass through the channel [61], and interacts
more with the recirculation regions. This mechanism can improve the
fluid mixing in core with that near the walls. Also it should be mentioned
that by increasing the Re number, the thickness of thermal boundary
layer decreases and the temperature gradient at the upper and lower
walls of wavy channel increases due to the improvement of the mixing
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gradients at n=2.

in the wavy channel [17]. Fig. 9 shows non-dimensional isotherm lines
for pure fluid (i.e. ¢ =0%) and nanofluid with ¢ =3% for P, =50. As
shown in this figure, the thermal boundary layer thickness for nanofluid
is smaller than that of the pure fluid in the wavy channel particularly
on the trough of lower wall. Hence, the addition of nanoparticle causes
a decrease in thermal boundary layer that consequently results in pro-
motion in temperature gradients and Nu number at the wavy walls.
Fig. 10 shows the averaged Nu number, Nu,,,, along the wavy U-
turn channel with n=4 and 6 at P, =50. It can be seen that Nu,,, first
experiences a quite sudden and sharp decrease and then experiences
increasingly larger variations with the minimum and maximum values
corresponding to the crest and trough of the channel, respectively. As
it is showed earlier when the fluid flowing in such channels, the re-
versal flow occurs in trough (crest) of lower (upper) wall. The rever-
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sal flow becomes pronounced as the pressure gradient or number of
waves increases (see Figs. 5 to 8). The maximum and minimum values
of Nu,,,, occurs upstream and downstream within a short distance of the
trough of each wave. This is because the former has higher temperature
gradients than the latter and hence a higher heat transfer rate at this
location.

Fig. 11 reveals the average Nu in various nanoparticle volume frac-
tions, ¢, at different number of waves in Fig. 11(a), and various pressure
gradient in Fig. 11(b). As it is expected the variations in Nu,,, undergo
increasingly larger changes as the volume fraction of nanoparticles in-
creases. However this increment is more significant at higher pressure
gradient (P, =50) as it can be seen in Fig. 11(b). The average Nu is a
decreasing function of number of waves, because of by making more
waves along the channel with constant pressure gradient, friction factor
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dramatically rises (see Figs. 12(a)) and lead to lower fluid velocity in
the channel. Consequently heat transfer rate decreases by dropping Re
number. On the other hand, the friction factor has an inverse relation
with Reynolds number. Thus by increasing pressure gradient, when the
Re number rises in the channel, the friction factor decreases sharply as
can be seen in Fig. 12(b).

In order to quantify the overall thermal performance and pressure
drop on the U-turn wavy channel when the Al,O5-water nanofluid flows,
the thermal-hydraulic performance factor, 5, as a function of nanopar-
ticle volume fraction, ¢, and for various number of waves and P are
shown in Fig. 13. It can be explicitly observed that the performance fac-
tor increases with an increase in the nanoparticles volume fraction due
to improved thermal conductivity of the base fluid. It is worth mention-
ing that the friction factor nanofluids, which is appeared in the denom-
inator of the performance factor (see Eq. (35)), increases with increas-
ing nanoparticle volume fraction at the constant Py, but the growth of
Nu number is more than friction factor. Consequently, by increasing Nu
number and friction factor at the presence of nanofluids the performance
factor enhances at the channel.

The performance factor shows significant dependence on number of
waves, n. It can be seen that for small P, (i.e. 10 and 30, see Figs. 13(a)
and 13(b)), the performance factor decreases by increasing the number
of waves in the channel. The reason is that the friction factor signifi-
cantly increases as the number of waves in the channel rises while the
Nu number increases with lower rate thus leading to a decrease in 7.
However, for larger pressure gradients (i.e. Py =50), the performance
factor for n =4 becomes slightly larger than the case with n=2 which is
due to the formation of recirculating regions in the channel leading to
better heat transfer in the channel which cause a change in the trend of
n in larger pressure gradients.

For the steady flow which we have studied here, it can be concluded
that even though the wavy walled channels with large number of waves
enhances heat transfer at the constant Re number, the increased friction
factors associated with the geometry can lead to lower performance fac-
tor than that of channels with smaller n or flat channels.

5. Conclusion

In this paper, force convection heat transfer of Al,O3-water
nanofluid through a wavy U-turn channel was investigated numerically
using the thermal LBM approach. The effect of dimensionless pressure
gradient, number of waves along the channel and nanoparticle volume
fraction on the thermo-hydrodynamics of flow were examined. It was
found that by increasing the pressure gradient (number of waves in the
channel), the rate of heat transfer increases (decreases). Also the re-
sults showed that the thermal-hydraulic performance factor grows by
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increasing nanoparticles volume fraction at the same pressure gradient.
Validation of present numerical results with previous published data
available in the literature demonstrates that the LBM is a reliable and
accurate approach for predicting the correct behavior for thermal flows
in complex geometries.
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