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a b s t r a c t

The present study represents the heat transfer optimization of two-dimensional incompressible laminar
flow of Al2O3-water nanofluids in a duct with uniform temperature corrugated walls. A two phase model
is applied to investigate different governing parameters, namely: Reynolds number (100 � Re � 1000),
nonofluids volume fraction (0% � f � 5%) and amplitude of the wavy wall (0 � a � 0.04 m). For opti-
mization process, a recent spot-lighted method, called Artificial Bee Colony (ABC) algorithm, is applied,
and the results are shown to be in a good accuracy in comparison with another well-known heuristic
method, i.e. particle swarm optimization (PSO). The results indicate that the effect of utilizing nano-
particles and increasing Reynolds number is more intensified on growing the average Nusselt number
than variations of the amplitude of the wavy wall. To prevent the worst possible heat transfer, the
specific amplitude which leads to a minimum average Nusselt number is detected. The effect of using
nanoparticles on thermal-hydraulic performance factor (j/f) is presented which considers both heat
transfer and hydrodynamics aspects. The results showed that volume fraction has a direct and the wavy
wall's amplitude has a converse effect on the thermal-hydraulic performance factor. Furthermore, an
optimum value for Reynolds number is found to maximize the thermal-hydraulic performance factor.
© 2015 Karabuk University. Production and hosting by Elsevier B.V. This is an open access article under

the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Optimization of heat transfer systems is of significant impor-
tance in many engineering applications, particularly those
employing compact heat exchangers. Heat transfer enhancement
methods can be divided into two categories. Active methods such
as surface vibration, electrostatic fields, injection and suction, and
passive methods such as extended surfaces, inserts, surface treat-
ments and additives. Using wavy channels, as a passive method is a
cheap and appropriate way for increasing the heat transfer in
compact heat exchangers. As a matter of fact, wavy channels pre-
vent the development of flow by disturbing the flow field and
boundary layer, and improve the mixing of higher and lower
temperature parts which enhance the heat transfer. Furthermore,
increasing the thermal properties of fluid with suspending solid
particles, in nano scale, is an innovative way to enhance the rate of
heat transfer as a passive method, because of their higher thermal
ersity.

d hosting by Elsevier B.V. This is a
conductivities in comparison with common fluids. Various ap-
proximations can be used to simplify the computational task. The
simplest approach is to represent the suspension by a homoge-
neous single-phase system and take into account the influence of
particles by only changing the values of physical properties. In
many practical applications of multiphase flow, the mixture model
is sufficiently accurate. The mixture equations largely resemble
those for a single-phase flow, but are represented in terms of the
mixture, density and velocity. However, a supplementary term in
the mixture momentum equation arises from the slip of the
dispersed phases relative to the continuous phase.

Many researchers have studied the effects of the wavy wall on
the heat transfer of conventional fluid. Wang and Chen [1] studied
the rate of heat transfer in a sinusoidal wavy channel in the laminar
regime with uniform wall temperature. They found that by
increasing the Reynolds number and Prandtl number, the rate of
both heat transfer and skin-friction increases, and there is not a
significant enhancement in heat transfer at smaller amplitude
wavelengths.

Mohamed et al. [2] numerically studied laminar forced con-
vection at the entrance region of awavywall channel with constant
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Nomenclature

Cp constant pressure specific heat, J/kg K
f friction factor
H channel height, m
j Colburn factor
K thermal conductivity, W/m K
n direction normal on walls
Nu Nusselt number
DP pressure drop, Pa
Pr Prandtl number
Re Reynolds number
T temperature, K
U velocity, m/s
x, y spatial coordinates, m

Greek symbols
f volume fraction of nanoparticles
m dynamic viscosity, Pa s
r density, kg/m3

t wall shear stress, Pa
a amplitude of wavy wall, m
l wavelength of wavy wall, m

Subscripts
ave average
f fluid properties
c continuous phase
w wall
k k-th phase
m mixture
nf nanofluid properties
p nanoparticles
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wall heat flux. The Reynolds number was confined within the range
of 100e1500, and the amplitude of the surface was between 0 and
0.5. Their results showed that the shear stress and the Nusselt
number increase by increasing the Reynolds number and highest
magnitude occurs in the entrance area.

Castell~oes et al. [3] reported convective heat transfer enhance-
ment in low Reynolds number flows with wavy walls. They pro-
posed a hybrid numerical-analytical solution methodology for
energy equation. They achieved an illustrative sinusoidal corruga-
tion shape, and discussed on the influence of Reynolds number and
corrugation geometric parameters.

Metwally et al. [4] studied enhanced heat transfer due to
curvature-induced lateral vortices in laminar flow in sinusoidal
channels. They represented that increasing the Reynolds number
results in the increasing of both Nusselt number and skin friction.
Also, they found that in the non-circulating regime, the geometry of
the channel didn't have a significant effect on the heat transfer
enhancement. But in the circulating regime, flow separation and
reattachment grow with Reynolds number and aspect ratio.

Some researchers applied the single-phase or two-phase model
approach for the simulation of nanofluids. Manavi et al. [5] inves-
tigated the turbulent forced convection of Al2O3-water nanofluid in
a wavy channel using two phase mixture model. The conducted
simulations revealed that by increasing the volume fraction of
nanoparticles, Reynolds number and amplitude of wall waves, the
rate of heat transfer is increased. Moreover, the results indicated
that the mixturemodel yields higher Nusselt numbers as compared
to the single phase model.

Heidary and Kermani [6] investigated the effect of nano-
particles on laminar forced convection in sinusoidal-wall channel.
For simulation of nanofluids, they used single phase model and
found that adding nano-particles to pure fluid makes significant
increase in heat transfer. They used copper-water nanofluids with
volume fraction between 0 and 20% and Reynolds number in the
range of 5e1500.

Ahmed et al. [7] numerically investigated the heat transfer
enhancement in a wavy channel using nanofluid. They employed
single phase approach and their governing parameters were Rey-
nolds number and volume fraction in the range of 100e800 and
0e5%, respectively. It was observed that the enhancement of heat
transfer mainly depends on the nanoparticles volume fraction, the
amplitude of the wavy wall, and Reynolds number rather than the
wavelength.
Akbari et al. [8] compared single phase and three different
two-phase models to the model of laminar mixed convection of
Al2O3-water in a horizontal tube. They found that the predictions
obtained from the two-phase models were basically the same
and two-phase models yielded closer predictions of the convec-
tive heat transfer coefficient to the experimental data than the
single-phase model.

Many studies have investigated the heat transfer optimization of
different thermal applications [9e16]. But, a few of themworked on
the heat transfer optimization of the corrugated channels. The heat
transfer optimization in a channel composed of a smooth and a
corrugated wall under laminar flow conditions has been studied by
Fabbri [17]. The numerical model is utilized in genetic algorithm
(GA) to maximize the heat transfer by optimizing the corrugation
profile. Some optimum corrugation profiles were presented.

Yang et al. [18] performed an optimization to design two-
dimensional channel with heated wavy walls with nanofluid. The
effects of governing parameters on heat transfer enhancement such
as the Reynolds number (250 � Re � 1000), the particle volume
concentration (0% � f � 5%), the wavy channel amplitude
(0 � a � 0.3) and the wavy numbers (3 � b � 12) on the
enhancement of the nanofluid heat transfer have been investigated.
They obtained a solution to optimize the thermal performance of
the wavy channel.

In recent years, a new optimization technique called Artificial
Bee Colony (ABC) algorithm becomes more and more popular after
its development by Karaboga [19,20] in 2005, because of its capa-
bility for handling practical engineering problems. ABC is a fast
convergent and easy handling algorithm, which has less control
parameters than most of the other existing meta-heuristic tech-
niques. This algorithm is applied to awide spectrum of applications
such as neural networks design, industrial engineering, electrical
engineering, civil engineering and many others, as well as me-
chanical engineering and fluid mechanics. For instance, Sahin et al.
[21] developed a new shell and tube heat exchanger optimization
design approach by applying Artificial Bee Colony (ABC) algorithm
to minimize the total cost of the equipments.

In the present study, the application of ABC algorithm is inves-
tigated in order to maximize the thermal and hydraulic perfor-
mance of the forced convection of nanofluid in awavy channel with
a uniform wall temperature. The novelty of this study with respect
to the field of utilizing wavy channels can be viewed from the
utilization of an efficient optimization process, considering
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two phase mixture model to account for slip velocity between
phases, and optimizing thermal-hydraulic aspect of the uniform
temperature wavy wall, which has been less considered in the
literature. Important parameters such as nanoparticles volume
fraction, the amplitude of the wavy channel and Reynolds number
are considered as optimization variables. Furthermore, the results
are compared to another well-known population-based optimiza-
tion method, called particle swarm optimization (PSO) [22].

2. Overview of Artificial Bee Colony algorithm

ABC is an evolutionary algorithm simulated by the intelligent
foraging behavior of honey bee swarm, developed by Karaboga
[19,20] in 2005. The artificial bees are classified into three coop-
erative categories: employed, onlookers and scouts. In ABC,
foraging bees search around the hive tomeasure the nectar amount
of the food sources, which dedicates the value of the food sources.
Every food source can be a possible solution of the problem,
therefore, employed bees and onlookers cooperate to exploit the
solutions and scout bees are to explore them. These operations take
action in three distinct phases after initialization.

2.1. Control parameters and initial population

ABC employs three important control parameters: maximum
cycle number (MCN) which is considered as the limitation
condition, total number of food sources (SN) which is equal to the
number of employed or onlooker bees, the number of cycles which
a food source is assumed to be abandoned because it cannot be
improved, which is named limit for abandonment (limit). The
parameter values used in this study are as follows:

� Maximum cycle number (MCN): 40
� Number of food sources (SN) or employed bees (ne) or onlooker
bees (no): 5

� Colony size ¼ ne þ no: 10
� Number of scout bees (ns): 1
� Limit for abandonment (limit): 5

In the initialization of the algorithm, the food sources should be
generated randomly by the following expression:

xji ¼ xjminþ randð0;1Þ$
�
xjmax�xjmin

�
i¼ 1;2;…;SN j¼ 1;2;…;D

(1)

where xji represents the ith food source with the jth parameter.
rand(0,1) is a real random number between [0,1]. D is the number of
the optimization parameters. xjmin and xjmax are the lower and the
upper bounds of the solution. After initialization, population is
evaluated and subjected to repeat the foraging processes of the
employed, onlooker and scout bees until the termination criteria
are achieved.

2.2. The employed bee phase

In this phase, each employed bee modifies the old food source
position as xji to the new one in its neighborhood as v

j
i, and then,

evaluates its quality. Position modification is calculated using the
following expression:

v
j
i ¼ xji þ randð�1;1Þ$

�
xji � xjk

�
(2)

where k and j are randomly chosen indexes within the range of
[1,SN] and [1,D], respectively. k must be different from i. rand(�1,1)
is a real random number between [�1,1]. After evaluating the new
food source positions, their fitness values must be calculated. In
ABC, the fitness value is proportional to the nectar amounts of the
food sources and shows how valuable a food source is. After that, a
greedy selection mechanism is applied to memorize whether the
current position of the food source is better or the previous one. The
fitness value (fiti) of each position i is calculated by the following
expression, where fi denotes the objective value of the ith solution:

fiti ¼
�
1=ð1þ fiÞ; if fi � 0
1þ jfij; if fi <0

(3)

2.3. The onlooker bee phase

At this step, employed bees share their knowledge of the food
sources they have evaluated so far with onlooker bees in the hive,
and then, onlookers search the nearby approved food sources using
Eq. (2). Each onlooker bee does such exploitation by roulette wheel
selection according to each food source's probability value (pi)
associated with it:

pi ¼
fitiPSN
i¼1 fiti

(4)
2.4. The scout bee phase

After the exploitation job of employed and onlooker bees, they
might be tired of some food sources they met so far, i.e. the food
source is no longer of interest to be exploited. After some limited
amount of trials, which is called limit for abandonment (limit), the
food source will be deserted to cherish the chances of exploring
better solutions. This exploration process is done by scout bees
through Eq. (1), who are the employed bees retired from their duty.

In every cycle during the optimization process, the best solution
so far is memorized, and this process goes on until the maximum
cycle number (MCN) is reached.
3. Physical model and mathematical formulation

The 2D incompressible laminar flow in a wavy channel with
constant wall temperature is analyzed. At the inlet, uniform ve-
locity and temperature are assumed and there is no slip on sur-
faces; bothwavy surfaces at the top and bottom are held at constant
temperature (Tw ¼ 350 K), and there is no slip on surfaces. At the
outlet section of the duct, fully developed flow is considered. The
geometry of the problem and employed mesh and other boundary
conditions are shown in Fig. 1. There are six waves along the wavy
wall and the wavelength of the wavy channel is considered to be
constant and equal to 0.2 m. The working nanofluid is assumed to
be Newtonian, the nanofluids temperature at the inlet is 300 K and
the slip velocity between particles and the fluid is considered. The
flow in the channel is assumed symmetric and only the bottom half
of the channel is considered in this study.

The continuity and momentum equations of mixture model are
as follows [23]:

Continuity equation for the mixture:

vrm
vt

þ V$ðrmUmÞ ¼ 0 (5)

where:



Fig. 1. Geometry of the problem and employed mesh for the geometry.
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Um ¼ 1
rm

Xn
k¼1

fkrkuk ¼
Xn
k¼1

ckuk (6)

Continuity equation for the dispersed phase (nanoparticles):

vfp

vt
þ V$

�
fpUm

� ¼ �V$

�
fpfc

r

rm

�
Up � Uc

��
(7)

Momentum equation for the mixture:

vrmUm

vt
þ V$ðrmUmUmÞ ¼ �Vpþ V$tGs þ rmg

�V$

�
fprp

	
1� fprp

rm




��Up � Uc
��
Up � Uc

��

tGs ¼ ðmmÞ
h
VUm þ ðVUmÞT

i

(8)

Momentum equation for the dispersed phase (slip velocity
equation):

��Up � Uc
���Up � Uc

� ¼ 4dp
3CD

þ
	
rp � rm

r


�
g � ðUm$VÞUm � vUm

vt

�
(9)

where:
CD ¼

8>>>>>>>>>><
>>>>>>>>>>:

24
�
1þ 0:1Rep � 1000

�

0:45

0
@1þ 17:67f

�
fp
�6
7

18:87f
�
fp
�
1
A; Rep >1000;

f
�
fp
� ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1� fp

q 	
mc
mm




Rep ¼
0
@dp

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
u2cp0

þ v2cp0

q
rf

mm

1
A;

8>>><
>>>:

mm ¼ mf

	
1� ap

apm


�2:5apmm
*

m* ¼ 1; apm ¼ 0:62

(10)

The energy equation for the 2D flow problem is given by Ishii
et al. [24]:

V$ðrmUmCpmTÞ ¼V$ðKmVTmÞ�

V$

	
fp

rfrp

rm
U2jT

��
cp
�
f �

�
cp
�
p

�
 (11)

where U2j is drift velocity defined as:

U2j ¼ �fp
�
Uc � Up

�
(12)

The non-dimensional flow and heat transfer parameters are
defined as [24]:

Re ¼ 2rnfUinh
mnf

(13)

Nu ¼ 2hkmvT=vn�
kf ðTw � TinÞ

� (14)



Fig. 2. Symmetric velocity profile at x ¼ 0.55 m for mesh independency investigation
when Re ¼ 1000, a ¼ 0.03 m and f ¼ 2%.
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The average Nusselt number is obtained by integrating the local
Nusselt number along the bottom surface as follows:

Nuave ¼

Z
Nu$ds

S
(15)

3.1. Thermal properties of nanofluid

3.1.1. Effective thermal conductivity
The thermal conductivity of the nanofluid is calculated from the

following equation introduced by Ishii et al. [24]:

Km ¼ �1� fp
�� Kf þ fp � Kp (16)

3.1.2. Density and specific heat
The density and specific heat of the nanofluids are measured by

applying the Pak and Cho [25] correlations, which are defined as
follows:

rm ¼
Xn
k¼1

fkrk

�
cp
�
m ¼

��
1� fp

�� rf �
�
cp
�
f þ fp � �r� cp

�
p

�
rm

(17)

Thermal heat transfer is characterized by the j Colburn factor
which is calculated from [26]:

j ¼ Nu� Pr�1
3

Re
(18)

And pressure drop of wavy channel can be expressed in terms of
friction factor [26]:

f ¼
 

2DP
rU2

ave

!	
2h
L2



(19)

The improvement of heat transfer performance of swirling flow
in corrugated channels is also accompanied with an increase in the
pressure drop. Consequently, it is important to evaluate the appli-
cability of using nanofluids in channels. One method of estimating
the relative thermal-hydraulic performance enhancement is to
consider j/f ratio defined as [26]:

j=f ¼ Nu� Pr�
1
3

Re� f
(20)

4. Numerical procedure and validations

In this paper, finite volume approach on a collocated grid is
applied to discretize the governing equations inside the computa-
tional domain. The momentum interpolation approach of Rhie and
Chow is employed in SIMPLE algorithm to link the pressure and
velocity fields (Ferziger and Peric [27]). For the stability of the
solution, the diffusion term in the momentum equations is
approximated by the second order central difference. Moreover, a
deferred correction scheme is adopted for the convective terms.
The results have been obtained for grid densities of 200 � 20,
300 � 25, 400 � 30 and 500 � 30, in the corrugated section, for the
sake of mesh independency. According to the results as shown in
Fig. 2, the 400 � 30 density has a good accuracy and optimum run
time figure. As investigated by Manavi et al. [5], the mixture model
yields higher Nusselt numbers, and predicts the treatment of the
two phase mixture more precisely. Hence, this method is applied
for the results shown in the rest of the paper. For more detailed
information, flowchart of the developed code, coupling ABC
optimization code with the CFD code is illustrated in Fig. 3.

For validation, the present study has been compared to the
empirical and numerical investigations. The experimental study of
Tolentino et al. [28] for Re ¼ 470 and numerical results performed
by, Yang et al. [18] for Re¼ 500, a¼ 0.02m and f¼ 0%were used for
this purpose. The present results are in good agreement with the
above mentioned numerical and experimental data as plotted in
Fig. 4.
5. Optimal process

In present study, the maximum values of thermal-hydraulic
performance factor (j/f) are achieved through optimized param-
eter values of Reynolds number, to improve the heat transfer
performance accompanied by diminished pressure drop. In
addition, theminimumvalues of Nusselt number are found through
optimized parameter values of amplitude of the wavy wall, to
detect the critical amplitudes and the worst circumstances which
should be prevented in designing procedure. For optimization
process, a very recent method named Artificial Bee Colony (ABC)
algorithm was applied in this study. Also, a very well-known
method named particle swarm optimization (PSO) is employed to
validate ABC's results. It is worth mentioning that several runs for
each case were assigned to ensure the accuracy of the results.
6. Results and discussion

Fig. 5 demonstrates the effects of wavy wall amplitude and
Reynolds number on the average Nusselt number of the wavy wall.
By increasing the Reynolds number, average Nusselt number
increases. It can be noted that high velocity of the flow in the
converging section of the wavy wall increases the heat transfer.
Although, because of the swirl zones in diverging area, heat transfer
decreases, but the average Nusselt number is more influenced by
the high velocity flow of higher Reynolds numbers. Another



Fig. 3. Flowchart of the developed code.
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observation is that for each Reynolds number, there is an amplitude
which leads to the minimum average Nusselt number. It shows that
increasing the amplitude leads to a decrement in average Nusselt
number, but after a specific amplitude, Nusselt number increases.
This behavior is due to the variation of heat transfer coefficient,
which is proportional to the velocity of the flow. The velocity
distribution for Re ¼ 500 and f ¼ 2% is represented in Fig. 6.
a ¼ 0.0216 m is the amplitude found by optimization process,
which will be presented among other results in later sections,
leading to the minimum average Nusselt number for Re ¼ 500 and
f ¼ 2%. It can be found that by increasing the amplitude, velocity
increases at the middle part of the channel, and decreases at other
regions. By growing the amplitude until a ¼ 0.0216 m, the amount
of decrement in the velocity is more than the amount of increment;
which results in a lower heat transfer coefficient, and consequently
less Nusselt number. But, for the amplitudes higher than
a ¼ 0.0216 m, the rate of increment in velocity is more than its
decrement, which leads to a higher heat transfer coefficient, and
also higher Nusselt number. It should be noted that the variations of
average Nusselt number versus amplitude of the wavy channel are
not similar to those presented by Wang and Chen [1], which is due
to their different definition of average Nusselt number.

The effect of volume fraction at different amplitudes on average
Nusselt number is shown in Fig. 7. It is observed that when nano-
particles volume fraction increases, the average Nusselt number
increases. When f increases, inertia forces increase, causing the
temperature gradient to be enhanced. Besides, the thermal
conductivity ratio term in Eq. (14) increases too. Therefore, an
increment in both volume fraction and thermal conductivity ratio
leads to a higher average Nusselt number. In addition, like Fig. 5, for



Fig. 4. (a) Stream lines validation with experimental results of Tolentino et al. [28] at Re ¼ 470. (b) Local Nusselt number at Re ¼ 500, a ¼ 0.02 m and f ¼ 0%.

Fig. 5. Effects of amplitude and Reynolds number on average Nusselt number at
f ¼ 2%. Fig. 6. Velocity distribution of various amplitudes at x ¼ 0.95 m, Re ¼ 500 and f ¼ 2%.
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Fig. 7. Effect of volume fraction at different amplitudes on average Nusselt number
when Re ¼ 500.

Fig. 9. Effect of amplitude size of the wavy wall at different volume fractions on (j/f)
ratio at Re ¼ 700.
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each nanoparticles volume fraction, there is an amplitude which
leads to the minimum average Nusselt number.

Fig. 8 illustrates the effects of Reynolds number and volume
fraction on thermal-hydraulic performance factor (j/f). With
increasing Reynolds number, j/f ratio increases until a maximum
value, and then gradually declines. This shows that for each volume
fraction, there is a Reynolds number which leads to the maximum
thermal-hydraulic performance factor. As Re increases, both
average Nusselt number and pressure drop increase. On the other
hand, in lower Re numbers the growth rate of the average Nusselt
number with Re is high and then decreases. In contrast, the growth
rate of the pressure drop with Re is low at first and then increases,
which justifies the behavior of j/f ratio. This shows that for each
volume fraction, there is a Reynolds number which leads to the
maximum thermal-hydraulic performance factor. j/f parameter
considers the simultaneous effect of Nusselt number and pressure
drop (f). It increases with increasing the Nusselt number and
Fig. 8. Effects of Reynolds number and volume fraction on j/f ratio at a ¼ 0.02 m.
decreasing pressure drop. Although Reynolds number and volume
fraction increase the Nusselt number (causing j/f to increase), but
they raise the pressure drop too (leading j/f to decrease), and so
they may increase or decrease j/f based on the prominence of
Nusselt number or pressure drop. According to Fig. 8 in a constant
volume fraction, increasing Reynolds number causes the j/f to in-
crease for lower Reynolds numbers (raising pressure drop domi-
nates) and decrease for higher Reynolds numbers (decrementing
Nusselt number dominates).

Moreover, Fig. 8 indicates that by increasing of volume fraction,
the j/f ratio increases. By increasing nanoparticles volume fraction,
there is an increment in average Nusselt number as well as pressure
drop. However, the increment in Nusselt number is much higher
than the increment in pressure drop, which leads to an increment
in j/f ratio.

The effect of amplitude of the wavy wall at different volume
fractions on j/f ratio is depicted in Fig. 9. As seen, j/f ratio reduces
with amplitude. By increasing the amplitude, pressure drop is
augmented, because of the disturbance of the entire flow field. As
mentioned before in Fig. 5, the behavior of average Nusselt number
for different amplitudes is sinusoidal, but its order is remarkably
Table 1
Optimized values of Reynolds number and related maximum thermal-hydraulic
performance factor with different volume fractions for two cases of a ¼ 0.02 m
and a ¼ 0.04 m.

a(m) f (%) Optimized Re j/fmax

0.02 0 671 0.225924
0.02 1 582 0.2909527
0.02 2 548 0.3405875
0.02 3 543 0.3792856
0.02 4 545 0.409641
0.02 5 552 0.4333917
0.04 0 342 0.1480496
0.04 1 324 0.1900699
0.04 2 319 0.2218382
0.04 3 318 0.2464522
0.04 4 320 0.2656948
0.04 5 323 0.2807239



Fig. 10. Fitness values of, (a) maximum thermal-hydraulic performance factor for the case of a ¼ 0.02 m and f ¼ 3%, and, (b) minimum average Nusselt number for the case of
Re ¼ 700 and f ¼ 1%, versus cycle numbers.
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less than the order of increment in pressure drop, which leads to a
lower j/f ratio.

The plots in Fig. 10 show the variation of fitness values through
cycle numbers for (a) maximum thermal-hydraulic performance
factor in a ¼ 0.02 m and f ¼ 3%, and (b) minimum average Nusselt
number for Re¼ 700 and f ¼ 1%. The plots indicate that the results
of the two algorithms are in a good agreement, and for both opti-
mization algorithms, we will gain the same results after several
limited cycle numbers, but the convergence speed of ABC algorithm
is comparatively higher than PSO procedure.
Fig. 11. Comparison of the streamline and temperature contours
The detected Reynolds numbers by optimization algorithms
which lead to the maximum thermal-hydraulic performance factor
(j/f) as the objective function, for various volume fractions and
wavy amplitudes are listed in Table 1. For example, for the case of
a ¼ 0.02 m and f ¼ 2% the thermal-hydraulic performance factor is
enhanced up to 22.03%. For comparison purposes, for the case of
a¼ 0.02 m and f¼ 2%, streamline and temperature contours of the
optimized Reynolds number (Re ¼ 548), and two other Reynolds
numbers are displayed in Fig.11. It is found that, by raising Reynolds
number, flow near the wavy section becomes more disturbed, and
for different Reynolds numbers at a ¼ 0.02 m and f ¼ 2%.



Fig. 12. Detected amplitudes of the wavy wall for minimum average Nusselt number at
different volume fractions and Reynolds numbers.

P. Valinataj-Bahnemiri et al. / Engineering Science and Technology, an International Journal 18 (2015) 727e737736
consequently the separation point moves towards the wave's peak,
yielding the vortex to fill the wave of the wall. Also, temperature
gradient near wavy wall augments when Reynolds number in-
creases, due to the mixing of cold fluid in the middle with hot fluid
near thewavywall, which leads to higher average Nusselt numbers.

Amplitudes of the wavy wall which lead to minimum average
Nusselt number for various nanoparticle volume fractions and
Fig. 13. Comparison of the streamline and temperature contours for
Reynolds numbers are depicted in Fig. 12. For comparison purposes,
streamline and temperature contours of the detected amplitude of
the wavy wall (a ¼ 0.0227 m), and two other amplitudes for the
case of Re¼ 500 and f¼ 3% are displayed in Fig. 13. As shown, it can
be found that increasing the amplitude causes an increment in
velocity at the converging section of the wave, which consequently
augments pressure gradient, and accordingly, the wake happens
earlier and a larger recirculation zone will be created. Temperature
gradient is also intensified near the wavy wall, because of distur-
bance of the flow regime, which leads to more mixing of the cold
fluid in the core with the hot fluid near the wavy wall.
7. Conclusions

Two-dimensional incompressible laminar flow of Al2O3-water
nanofluids in a duct with corrugated wall was numerically
analyzed and optimized using two phase model. The effects of
nanoparticles volume fraction, amplitude of the wavy wall and
Reynolds number on average Nusselt number and thermal-
hydraulic performance were investigated. Results showed that
increasing Reynolds number and nanoparticles volume fraction
leads to a considerably higher heat transfer rate. However,
increasing the amplitude causes a decrement in Nusselt number
until a critical point and then heat transfer begins to enhance.
The critical points of amplitudes were detected for various cases.
Considering this effect on Nusselt number, increasing the
amplitude from a ¼ 0 to a ¼ 0.04 m for instance at Re ¼ 500 and
f ¼ 2%, causes 1.5 K increment in outlet bulk temperature and
21.07% increment in total heat flux, which shows the important
influence of applying wavy walls on heat transfer point of view.
different amplitudes of the wavy wall at Re ¼ 500 and f ¼ 3%.
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Additionally, it was observed that nanoparticles have a great
influence on enhancing the (j/f) ratio, but increasing wavy
channels amplitude has a diverse effect on it due to higher orders
of pressure drop than Nusselt number. It was also observed that
Reynolds number has an optimum value for thermal-hydraulic
performance, calculated by Artificial Bee Colony (ABC) algo-
rithm. The optimal results of ABC were compared with another
heuristic optimization method, and results indicated the ABC's
efficiency and accuracy for optimizing the considered engineer-
ing design problem.
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