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INTRODUCTION

Nowadays, the most encouraging process to enhance and pressure drop enhancement studies of heat exchanger
heat transfer with suitable pressure drop of heat exchanger have been interested for flow region through backward
is the use of hybrid solid nanoparticles disseminated in facing step corrugated channel. The application of nano-
pure water as a working fluid. Nanofluid, heat transfer fluids is believed to have a strong potential for enhancing

*Corresponding author.
*E-mail address: engriyadh64 @gmail.com

This paper was recommended for publication in revised form by Regional Editor
Mustafa Kili¢

Published by Yildiz Technical University Press, Istanbul, Turkey
Y No Copyright 2021, Yildiz Technical University. This is an open access article under the CC BY-NC license (http://creativecommons.org/licenses/by-nc/4.0/).



https://orcid.org/0000-0001-9227-0427
https://orcid.org/0000-0003-4021-4460
https://orcid.org/0000-0003-0782-7548

J Ther Eng, Vol. 8, No. 6, pp. 734-747, November 2022

735

the characteristics of heat transfer of heat exchangers, for
example [1-3]. Due to many engineering implementa-
tion such as electronic cooling devices, combustors, flow
around buildings, collectors, aerofoils and heat exchangers,
there are quite a lot of studies in the literature focused on
backward facing step flow. Geridénmez and Oztop [4] pre-
formed a numerical study to investigate the effect of mixed
convection flow of a hybrid nanofluid in a backward facing
step channel in the presence of a uniform partial magnetic
field. The founding disclose that the smallest convective
heat transfer is achieved in the step-centred partial mag-
netic field and the increase in magnetite nanoparticles has
a significant influence on convective heat transfer. Abu-
Mulaweh [5] conducted an experimental study on lami-
nar flow mixed convection over horizontal, vertical and
inclined, forward and backward facing steps channel. It
was found that the introduction of backward- and forward-
facing steps increases the turbulence intensity of the velocity
and temperature fluctuations downstream of the step. The
results also reveal that the maximum local Nusselt number
is approximately twice for the case of the backward-facing
step and three times for the case of the forward-facing step
than that of the flat plate value at similar flow and thermal
conditions. Barkley et al. [6] studied the longitudinal stabil-
ity of Reynolds numbers between 450 -1050 for backward-
facing step flow.

Moreover, the velocity distribution and the reattach-
ment length on three-dimensional flow downstream of a
backward facing step were conducted by Armaly et al. [7]
utilizing Laser-Doppler Velocimeter (LDV). The results
explore the variation of separation length with diverse flow
and Reynolds number that were characterized by the dif-
ference of the separation length. Sherry et al. [8] preformed
an experimental work on the recirculation region created
downstream of a forward facing step sinking in a turbulent
boundary layer. Herein, the mechanisms affecting the tur-
bulent mixing within the boundary layer, the velocity defi-
cit in the boundary layer and the technique disturbing the
re-attachment area were defined and deliberated.

To procure better thermal properties in heat trans-
fer implementation, Nano-sized particles (<100 nm) are
introduced in the base fluid such as Glycol Ethylene or
pure water. What does the Nanofluid do to the fluid? It
improves heat transfer characteristics with slight pressure
drop. Sivakumar et al [9] investigated the use of various
metal oxide nanofluids ALO,+water, CuO +water, and
CuO+EG in U-shaped serpentine microchannel heat
sink. The founding showed that the thermal conductivity
of nanofluids was increased for all concentrations (from
0.01 to 0.3% volume), compared with base fluids. Within
the same field of investigations, Mohammed et al. [10] car-
ried out an experimental and numerical examination to
test the heat transfer and friction factor of A1203/Ethylene
glycol-water nanofluid passing through a straight channel.
The results reveal that the heat transfer coeflicient and the

friction factor increases with an increase of the nanopar-
ticles concentration at the same Re.

Abu-Nada [11] conducted a numerical investigation
on the heat transfer advantage through backward facing
step utilizing various types of nanofluid. Abu-Nada found
out that the better heat transfer characteristic obtained
by low nanoparticles thermal conductivity and averaged
heat transfer improved as nanoparticles volume fraction
increase. Similarly, Kherbeet et al. [12] have conducted
a numerical study on micro-scale backward facing step
investigating three-dimensional Laminar mixed convection.
The working fluid was EG-SiO2 nanofluid with 0.04 volume
fraction and nanoparticle diameters of 25 nm, the impact
of step length was examined. Bayareh and Nourbakhsh
[13] conducted a numerical simulation and analysis of heat
transfer for different geometries of corrugated tubes in a
double pipe heat exchanger. Results show that the maximum
heat transfer corresponds to the convex-concave case in
comparison with the smooth-smooth one. Heat transfer
rate increases with the Reynolds number, but the slope of
the increase for nanofluid is lesser than that for the pure
fluid. Al-Aswadi et al. [14] studied the laminar flow over
a backward facing step with various kinds of nanofluids
of different concentration. They indicated that the highest
velocity obtained by the nanofluid with SiO, nanoparticles,
while the lowest velocity obtained with Au nanoparticles.
On the same line, Kaouther et al. [15] conducted a three-
dimensional computational analysis of hybrid nanofluid
enhanced heat transfer in cross flow micro heat exchanger.
The result proven that a suitable flow velocity and
nanoparticles volume fraction can minimize the size of the
heat exchanger. Likewise, the addition of nanoparticles has
important result merely with high velocities (u > 50 mm/s).
Equally important, Kilic and Ali [16] studied the effects
of different volume ratio, different heat flux and different
types of nanofluids (CuO-water, Al203-water, Cu-water,
TiO-water, and pure water) on heat transfer and fluid-flow.
The results showed that by increasing volume ratio (¢ = 2%
to 8%) the average Nusselt number may increase by 10.4%.
it was also proven the using nanofluids (Cu-water) has an
advantage over CuO-water, TiO-water, A1203-water and
purified water on the enhancement of the average Nusselt
number (Nu). Plant and Saghir [17] examined the effect
of high concentration aqueous alumina nanofluid on the
heat transfer for different kind of heat sink equipped with
porous media. The use of high concentration 2% volume
alumina nanofluid together with the two channels resulted
in a maximum enhancement of 24.5%.

The objective of this paper is to provide a fundamental
analysis for the estimation of heat transfer enhancement and
the effect of pressure drop through backward corrugated
facing step channel with nanofluid. Numerically investigate
the consequence effect of Reynolds number (100-1500) and
the use of solid volume fraction nanoparticle AIN (1%-4%)
on the fluid flow and heat transfer.
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Figure 1. Schematic diagram of the domains of the flat,
backward, triangular and trapezoidal facing-step channels
with wavelength of 2 cm and amplitude height of 4 mm.

NUMERICAL MODEL

Thermophysical Proporties of Nanofluids

The nanofluid thermophysical properties and the
effec-tive thermal conductivity could be calculated
using the equations reflected by Ghasemi et. al. [19] as:

ke[f = kstalic + kBrawnian (4)

where

L [(k@ +2k,) — 2@k, +2knp)} )
static — "bf
(k,, + 2k, )~ Dk, +2k,,)

k,and k are the thermal conductivity of the base fluid and
the nanoparticle respectively.

The Brownian motion thermal conductivity is defined
by the equation below and according to Vajjha and Das [20]

The geometrical models of the four types of channel

used in this present study are depicted in Figure.1. The two
models of interest were equipped with lower triangular and
trapezoidal corrugated plates of wavelength (L, ) and ampli-
tude height (a).

Mathematical Model

Following our previous investigations as in [18], the
flow is considered incompressible, laminar, steady, and
three-dimensional, while the nanofluid is set as Newtonian
fluid. In addition, the blend of solid nanoparticles and
water mixture entering the channels are presumed at the
same temperature and at equal velocity. The numerical sim-
ulation has been conducted using predominated software
(ANSYS-Fluent, 14.5). The nondimensional governing
equations and vorticity transport are defined by the conser-
vative equations indicated below:

Continuity equation:

V-(p,V)=0 (1)

Momentum equation:
1 -
V-(VV)=—7Vpnf +v, VIV )
of
Energy equation:

V. (V)=

kanZT (3)

nf P

where,p . Cp, andk, arerespectively the nanofluid pres-
sure, dynamic viscosity, specific heat capacity and thermal
conductivity

KT
=5x%x10" @ﬁ becp,bf Z/)—Rf(T’g) (6)

np=-np

k

Brownian

where K is Boltzmann constant (=1.38066x10% J/K), f is
a function of the liquid volume that exits with a particle
material, f (T,¢) is a function of particle volume fraction
and temperature.

The ratio between the effective dynamic viscosity of
Nano and base fluids is calculated using the equation con-
sidered by Corcione [21]

Yo _ 1
-0.3
gl B | g @
dyy

where i - and p, are the nanofluid and base fluid effective
dynamic viscosity, d, is the diameter of nanoparticle, d, is
the equivalent diameter of base fluid d,, = [6M INTZP, ]% , M
is the base fluid molecular weight and ¢ is the nanoparticle
volume fraction.

The effective nanofluid density can be defined in accord-
ing to the equation specified by Corcione [21];

Peﬁz(l -¢) Pyt Py (®)

where p, is the base fluid density and p, is the nanoparticle
density.

Similarly, the nanofluid effective specific heat ( Cp)eﬁ is
computed for constant pressure by;

(1-D)(pe,), +D(pe,)

(CP )eﬁ - - @) be+ 1) Pnf 9)
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where Cp, is the solid particles heat capacity and Cp, is the
base fluid heat capacity.

The thermophysical properties of the AIN nanoparticles
and distilled water based fluids at T'= 300 K are given in
Table 1.

The dimensionless parameters of Nu, Re and the friction
factor calculated according to Eiamsa-Ard and Promvonge
[22]:

Nusselt number

hD,
k

Nu=

(10)

Table 1. Thermophysical properties of the AIN nanoparticles
and pure water at T = 300 K [21]

Properties AIN nanoparticles Water
(kg/m’) 4175 996.5

Cp (J/kgK) 692 4181

k (W/m-K) 8.4 0.613
¢(Ns/m?) - 1x107

B (1/K) 5.5x 10 2.75x 10

Reynolds number

Pum‘Dh

Re=
T (11)

Nusselt number

where u_is the mean velocity of the fluid. The hydraulic
diameter is equal to (D,) = 4A/P. where A is cross-section
area and P is wetted perimeter.

The fully developed flow friction factor for is defined as:

_24pD,
Lpu’,

Friction factor f (12)

To calculate the required parameters all the above equa-
tions have to be use accordingly using the values of the
other perimeters within these equations as mentioned in
following Table 2.

CFED Analysis

The geometrical dimensions of the heat exchangers
models used in this study are illustrated in Figure 2. The
total length of the channels is 110cm and with a height
of 1 cm, adds to it the step height of the backward and
corrugated plates, which is 0.5 cm. The combined length

Table 2. Effect of the nanoparticle volume fraction on other parameters

®% f(T,¢) peff k static K Brow. k eff peff Cp eff
1 0.000320 0.00111 6.073E-01 1.248E-02 0.6197 1010.022 4107.4
2 0.000318 0.00118 6.128E-01 8.701E-03 0.6215 1022.244 4033.7
3 0.000316 0.00125 6.185E-01 7.447E-03 0.6259 1034.466 3961.7
4 0.000314 0.00133 6.241E-01 6.488E-03 0.6306 1046.688 3891.3

Figure 2. Geometrical shape and dimensions of triangular and trapezoidal facing-step channels models.
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Table 3. Dimensions of the flat, back ward, triangle and trapezoidal-corrugated facing step channels

Facing Step Channel Inlet Section (cm) Corrugated Section (cm) Outlet section (cm)  Height of Step (cm)
Flat ---- ---- ---- ----
Back Ward 70 e 40 0.5
Triangle Corrugated 70 20 20 0.5
Trapezoidal-Corrugated 70 20 20 0.5
Table 4. The influence of the grid intensity on the computational results
Grid number Average Nusselt number Relative error Relative error
46875 6.1315 -—-- -—--
375000 7.8469 0.2186 21.86 %
1736110 8.9789 0.1261 12.61 %
3000000 9.6996 0.0743 7.43 %
5859375 9.7583 0.006015 0.6015 %

of the lower corrugated plate is 20 cm in length. In line
with our previous investigation [18], the inlet section
is considered a smooth adiabatic section and of 70cm in
length, in order to create suitable boundary conditions. The
outlet section is also considered a smooth adiabatic section
but of 20cm in length. Table 3 depicts the dimensions of
the flat, back ward, triangle and trapezoidal-corrugated
facing step channels. Moreover, for the current study, the
tests will be carried out for the triangular and trapezoidal
with amplitude height (a= 0.0, 0.1, 0.2, 0.3 and 0.4 cm) and
the wavelength (L = 2, 4, 5 and 10 cm). The nanoparticle
size was set equal to 100 nm and the volume fractions from
1% to 4% were considered. The inlet temperature of the
single flow nanofluid was 25°C and the constant wall heat
flux was 24000 W/m2. The test section wall is to be heated
isothermally.

For the three-dimensional simulations, mesh was
decided to be a symmetric grid to allow a larger mesh and
reducing the running time. The grid is bunched in the locale
of the inlet and over the corrugated surface to accurately
capture the flow behaviour over these surfaces. The mesh
structure was organized according to the flow conditions,
with the aim of more accurate numerical results. The mesh
numbers were intensified in some regions at the surface of
lower plate for all channels

The finite volume method was considered to discretize
the governing equations with suitable boundary condi-
tions. In here, the Reynolds Average Navier Stokes equa-
tion is disbanded to generate the mesh. Simple explicit
method, based on the time marching technique used to
solve the energy and the vorticity transport equations.

Contrariwise, the stream function equation adapted the
relaxation method for solution as defined by A nderson
[23]. As the process to solve the governorate equation start
iterating the solution, the stream function is counted and
the vorticity transport and energy equations are disbanded
to define the temperature and vorticity for the all nodes
of the computational mesh of the domain. The iteration
was persistent until the residual for most computational
domain parameters reached the value less than 107, for a
time step of 10°

Figure 3 depicts the CFD simulation velocity contour
for four different configurations such as flat channel, back
ward, triangular and trapezoidal facing step channels at
constant Re of 250 with variation of the wavelength for 2,
4,5 and 10 cm. It is clearly indicated that the enhancement
in the heat transfer occurs at 2 cm wavelength for both the
trapezoidal and triangular shapes in comparison to other
geometrical configurations.

Grid Independence Test

To check the influence of the grid i ntensity on the
computational results, five different sizes of grid ge nera-
tion were examined as illustrated in Table 4. Here, Figure
4 (a) and (b) illustrated the surface Nusselt number and
pressure distribution along the bottom wall of trapezoidal
corrugated facing step channel at Re = 100 (laminar flow
region), a = 4.0 mm, Lw = 20 mm, have been investigated
over these grid sizes . The results display that the grid size of
3000000 ensures the grid-independent test and it is there-
fore engaged throughout this Study.
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Figure 3. Velocity contours (m/s) for different wavelength (Lw) at constant Re = 250, for four different configurations flat
channel, backward, Triangular and Trapezoidal facing step channels.
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For the purpose of validation, the current study result
compared with numerical results of Santra et al. [24], which
show a good agreement as shown in Figure 5. In addi-
tion, comparison with the results and measured data of
Mohammed et al. [25] was carried out for Nusselt number

of 1% of AIN-water nanofluid at L = 20 mm and d = 30
nm for the triangular and trapezoidal corrugated channel
with amplitude height of 1.5 and 2 mm respectively. The
comparison results clearly show a good agreement with an
error percentage of 2%.

RESULTS AND DISCUSSION

Although the study was conducted on the four types of
channels flat buck step, triangular and trapezoidal, the best
results were obtained with triangular and trapezoidal chan-
nels. Therefore, the focus in this article will be on these two
models and the comparison between them will be on the
results achieved through the variation of the wavelength,
Reynolds number and nanoparticle concentration.

The effect of triangular and trapezoidal wavelength (L)
on the Nusselt number, for the wavelength of (2, 4, 5 and 10
cm). is depicted in Figure 6. It is found that the maximum
values of Nu were achieved for trapezoidal at a wavelength
of 2cm followed by triangular of same wavelength. Since
the trapezoidal and triangular channels provide the best
fluid mixing due the large size of the re-circulation regions
that generated in the diverging sections of the corrugated
wall. It is also noticeable that the Nu decreases as the wave-
length increase. As the wavelength of corrugated channel
increases, the size of re-circulation (secondary) regions will
decrease. This means that the intensity of secondary regions
in corrugated wall with large wavelength is less than that for
the small wavelength. Therefore, the mixing of the fluid in
corrugated wall with small wavelength is better than that
for large wavelength. Consequently, the wavelength of 2cm
will be of main concentration for the rest of this investiga-
tion study. In contrast, it can be realise that the maximum
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fluid velocity occurs at centreline of channel in converging
section (i.e. throat). This is because the corrugated wall has
the minimum cross sectional area at this section and since
the flow rate of the fluid in channel is constant at any cross
section along the channel; therefore, the velocity of the fluid
is maximum at the throat of channel. Besides, the velocity
gradient at the walls of channel in converging section is the

higher than that at the diverging section. This is consistent
with numerical study of Naphon and Kornkumjayrit [26].
In the same way, Figure 7(a) and (b) illustrated the influ-
ence of the channel shape on Nusselt number in the laminar
region. At Re of 1000, the value of Nusselt number for the
trapezoidal wall (Nu = 67.3) was obtained in comparison
to the triangular wall (Nu = 63.2) for the same amplitude
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height of 4mm and wavelength L of 2cm. It is also con-
firmed that the Nu increases as the Re increases for the
range of 100 t01500. On line, it can be observed in Figure 7
that higher Nu is achieved for all values of Reynolds num-
ber for both the trapezoidal wall and triangular wall with
amplitude height of 4mm although the trapezoidal wall has
the an advantage over the other shape. This is because the
trapezoidal channel provides the best fluid mixing due the

Flat channel 1% ALN

90

————— Facing Step Channels 1% ALN °
Triangular amplitude height=4 mm,Lw=2cm 1% ALN
Trapezoidal amplitude height=4 mm,Lw=2cm 1% ALN
= Flatchannel 4% ALN
Facing Step Channels 4% ALN
< Triangular amplitude height=4 mm,Lw=2cm 4% ALNY
®  Trapezoidal amplitude height=4 mm,Lw=2cm 4% ALN

80
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Figure 8. Nanoparticle concentration effect on Nusselt
number for laminar flow, 1% and 4% AIN-distilled water.

large size of the re-circulation regions that generated in the
diverging sections of the corrugated facing step channel.

The effect nanoparticle concentration on the Nusselt
number for laminar flow is indicated in Figure 8. Adding
an amount of nanopowders to the base fluid is significantly
altering the thermophysical properties of the Nanofluid.
The higher thermal conductivities of metallic solid pow-
der increase the low thermal conductivity of distilled water
when dispersed in. It can be realized that the improve-
ment in the Nusselt number by utilizing AIN-distilled
water nanofluid is greater than that by using distilled water.
The results obtained here are similar to those brought by
Heidary and Kermani [27], which indicate that by increas-
ing the Re number, the average Nu number and the heat
transfer from the wall enhance, for various values of nano-
fluid volume fractions, ¢ = 0, 10,20%.

This improvement can be qualified to the reality that
when nanopowders are hanging in the base fluid, the whole
thermophysical properties are varied. Nanofluid Prandtl
number (Pr) is a function of all these properties of nano-
fluids. Besides, the growth in the effective thermal con-
ductivity is less than the growth in the effective viscosity.
Furthermore, the lower effective density leads to higher
effective specific heat capacity. Consequently, nanofluid
Prandtl number is higher than Prandtl number for base
fluid. For this reason, the Pr for AIN-distilled water nano-
fluid is greater than that for distilled water and in turn,
the heat removal is amplified. Therefore, when Reynolds
number (Re, ) number is kept constant, Nusselt number for
nanofluid is higher because Nusselt number is a function
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Figure 10. Nanoparticle concentration effect on pressure drop (1% AIN — distilled water (a), 4% AIN — distilled water (b),

3% CuO Nanofluid (¢)) modified from [28].

of Pr and Re. Subsequently, nanofluids, having higher Pr,
could absorb more heat.

Skin Friction Coefficient

Figure 9 (a) and (b) depicted the effect of adding AIN
nanofluid on the skin friction coefficient. This coefficient
increases proportionally with the volume fraction ¢ of AIN
nanofluid, as it increases from 1% to 4%. This can be impute
to the actuality of increasing nanofluid volume fraction will
increase viscosity and becomes denser. More viscos fluid
restricts the fluid motion in the corrugated wall due to the
charming forces between fluid and particles. In the main,
the skin friction coefficient decreases with the Re and this
decrease is more significant in the laminar flow than the tur-
bulent flow. This decrease in skin friction coefficient is due
to the actuality that the hydraulic boundary layer thickness

is became thinner with Re in the laminar flow regime, while
there is a slight change in the boundary layer thickness in
the turbulent flow regime. In addition, AIN nanofluid dis-
play higher friction coefficient than the distilled water due
to the reality that AIN nanofluid provides higher velocity
than distilled water. So and as mentioned before, the veloc-
ity of fluid greatly influences the friction factor in the chan-
nel. Lower fluid velocity means higher hydraulic boundary
layer thickness and subsequently higher friction factor.

Pressure Drop

Figure 10 (a) and (b) indicated the effect of adding 1%
and 4% AIN nanofluid on pressure drop at the region of
laminar flow. It is well exposed that the increasing of AIN
nanofluid from 1% to 4%, causes the pressure drops to
increase significantly from the inlet to the outlet of the duct
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Figure 11. Nusselt number enhancement ratio vs. Reynolds number for different volume fraction of AIN at a=4 mm,

Lw=20 mm and dp=25 nm (backward (a), triangular (b) and trapezoidal facing step channels (c)).

because the suspension of nanoparticles in the base fluid
leads to raises in the density and viscosity of the working
fluid that’s will led to increase pressure drop. Besides, it is
found that the highest-pressure drop acquired by the trap-
ezoidal whereas the lowest pressure drop obtained by flat
channel for the amplitude height of 4 mm. These results
are consistence with the founding of Amin et.al [28]. Their
findings from the numerical investigation the force convec-
tion flow of non-Newtonian water-CuO Nanofluid, showed
that the augmentation of Re and ¢ would result in increas-
ing and decreasing of pressure drops, respectively. The Re
intensification from 400 to 1600 results in a significant
increase in pressure drop which is more pronounced than

the pressure drop percentage decrease caused by increasing
of ¢ as indicated in figure 10(c), adapted from [28].

Nusselt Number Enhancement

The average Nusselt number enhancement ratio for
(1 and 4) % AIN - water nanofluid in different ch annel
shapes to the pure water in straight channel is depicted in
Figure 11. This enhancement ratio seems to be strongly
depends on Reynolds number, amplitude height and. chan-
nel shapes. The highest enhancement ratio is found in the
case of trapezoidal-corrugated facing channel with 4 mm
amplitudes height followed by triangular channel for the
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same amplitudes height. It is also observed that as the vol-
ume fraction increases from 1% to 4%, the enhancement
ratio for backward facing step channel increases from 61
to 71.5 at, while the Nusselt ratio for triangular facing step
channel increases from 81 to 84 . For trapezoidal channel, it
increases from 85 to 87, and these occurs at same Re = 1500.
Therefore, the using nanofluid with 4% volume fraction in
corrugated facing step channels with different shapes dis-
play the highest heat transfer enhancement. Finally the
average deviation percentage between the numerical and
experiment results in literature was around was 3% with the
trapezoidal corrugated wall channel.

CONCLUSION

For this study, laminar forced convection heat transfer
of AIN-water nanofluid in four type of channels such as
flat, back ward, triangle and trapezoidal-corrugated facing
step channels have been investigated numerically using
finite volume method. The tests were performed for the
range of nanoparticle volume fraction is (1%-4 %) and Re
of (100-1500). The effects of wavelength (L ), amplitude
height (a), Reynolds number and nanoparticle volume
fraction (¢) on the skin friction coefficient, pressure drop,
and average Nu are presented, analysed and discussed. The
results of the numerical investigation offer that the average
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Nusselt number (Nu) enhanced with the increasing values
of Re, amplitude height of corrugated wall and nanoparticle
volume fraction. The skin friction coefficient and pressure
drop will also increase. Furthermore, the average Nu
decreases as the wavelength of the corrugated wall increases.
It is also observed that the addition of AIN-Nano-particles
to the distilled water can significantly enhance the heat
exchange between the flow and the wall. That is where the
use of high nanoparticles volume fractions (4% volume)
nanofluid corresponded with the use of four different
channel designs resulted in heat transfer augmentation
about 30% when compared to that pure water for the
trapezoidal channel. Hence, it can be offer to fabricate extra
compact heat exchangers with higher mechanical strength,
low fabrication costs and higher thermal performance. A
comparison of present data with available experimental
data in the literature showed the maximum deviation is
around 3%.

NOMENCLATURE

a  Amplitude height

AIN Aluminium Nitride

AR Aspect ratio

C,  Darcy friction coefficient

Cp Specific heat capacity, J/kgK
CFD Computational Fluid Dynamic
Dh  Hydraulic diameter, m

f  Friction factor

g Gravitational acceleration, m/s2
H  Height,m

k  Thermal conductivity, W/mK
K Boltzmann constant,

Lw  Wavelength

M Molecular weight, g

Nu  Nusselt number

Pr  Prandtl number

Ap Pressure difference, pa

Re  Reynolds number

T  Temperature, K

V' Velocity, m/s

Greek symbols

p  Density, kg/m3

¢ Volume fraction

y  Dynamic viscosity, kg/m.s

Subscripts

avr Average
B Bulk

bf Base fluid
eff Effective
f  Fluid

m  mean

nf  nanofluid

np  nanoparticle
W Wall
X  Local
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