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This article presents a numerical study on forced convection of nanofluid flow in a two-dimen-
sional channel with trapezoidal baffles. One baffle mounted on the top wall of channel and an-
other mounted on the bottom wall of channel. The governing continuity, momentum and energy
equations in body-fitted coordinates are iteratively solved using finite volume method and
SIMPLE technique. In the current study, SiOz-water nanofluid with nanoparticles volume fraction
range of 0- 0.04 and nanoparticles diameters of 30 nm is considered for Reynolds number rang-
ing from 100 to 1000. The effect of baffles height and location, nanoparticles volume fraction and
Reynolds number on the flow and thermal fields are investigated. It is found that the average
Nusselt number as well as thermal hydraulic performance increases with increasing nanopar-
tiles volume fraction and baffle height but accompanied by increases the pressure drop. The re-
sults also show that the best thermal- hydraulic performance is obtained at baffle height of 0.3
mm, locations of baffles at upper and lower walls of 10 and 15 mm, respectively, and nanoparti-
cles volume fraction of 0.04 over the ranges of Reynolds number.

© 2018 Published by Anbar University Press. All rights reserved.

1. Introduction

Heat transfer enhancement is an extremely signifi-
cant issue in many engineering application, espe-
cially those using heat exchangers. Fluid flow past
baffles, small turbulator or cavities in a channel were
take scopes wide of studies topic of intense research
during 100 along years improve in thermal perfor-
mance in such device. In recent years, even more en-
hancement in the performance of heat exchangers
are sought in order to meet all the industries require-
ments and demands for a higher thermal perfor-
mance in such devices. However, changing in geo-
metrical parameters to enhance the performance of
heat exchangers has reached the optimum limit. Re-
search on the method for further enhancement in
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heat transfer has become fundamental. On coolant
side, the low thermal conductivities of traditional
heat transfer fluids (such as water, oil and ethylene
glycol) are considered as a fundamental obstacle to
improve heat exchangers performance. Forced con-
vectional flows in channel with different shapes of
turbulators are experimentally and numerically
studied by many researchers. Habib et al. [1] studied
experimentally on turbulent flow and heat transfer
characteristics in a rectangular duct with staggered
baffles and found that the pressure losses and heat
transfer coefficient increase with the increase of the
baffle height. Zhu et al. [2] numerically investigated
on the turbulent flows and heat transfer in a rib-
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roughened channel with longitudinal vortex genera-
tors and it is observed that the combined effect of the
rib- roughness and the vortex generators can im-
prove the rate of heat transfer. Korichi and Oufer [3]
numerically studied of the heat transfer enhance-
ment in channel with obstacles mounted on the walls
of channel and results showed that the rate of heat
removed from the obstacles increases with Reynolds
number. Somchai and Pongjet [4] studied numeri-
cally on the laminar heat transfer in a channel with
diamond-shaped baffles and it is observed that re-
duction of the baffles angles of diamond leads to in-
crease Nusslet number and the friction factor. Oztop
etal. [5] performed a numerical investigation on lam-
inar forced convection heat transfer and fluid flow
characteristics in channel with heated blocks
mounted on its bottom wall and showed that the re-
sult the rate of heat transfer enhanced for all Reyn-
olds number. Promvonge et al. [6] conducted a nu-
merical investigation of the fluid flow and heat trans-
fer in a square channel with 45° inline baffles on two
opposite walls and the result showed the values of
the Nusslet number and friction factor increase with
increase in height baffles. Heidary and Kermani [7]
numerically studied the effect of blocks at the lower
wall of channel with utilizing nanofluid flow on the
local and average Nusslet number and results
showed that the highest heat transfer enhancement
about 60% was obtained with using blocks and
nanofluid in channel. Lei et al. [8] conducted a nu-
merical and experimental investigation on the heat
transfer enhancement in microchannel heat sinks
with periodic expansion-constriction cross-sections
and found the heat transfer enhanced with using pe-
riodic expansion-constriction cross-sections. Islami
et al. [9] studied numerically the laminar flow and
heat transfer of Al20s-water nanofluid in a micro-
channel with and without micromixers. In this study
the baffles mounted on the upper and lower walls of
channel and it was found that using nanoparticles
and baffles can improve the heat transfer rate but the
friction factor increases as well. Heshmati et al [10]
investigated numerically on mixed convection heat
transfer of nanofluid over the backward facing step
with slotted baffles and the results showed that the
rate of heat transfer enhanced with using inclined
lotted baffles. Hamdi and Yusoff [11] studied numer-
ically on the convective heat transfer of Al.03-water
nanofluid flow in a triangular channel using vortex
generators and the result showed that the heat trans-
fer rate is dependent on the concentration of nano-
particle and the attack angle of vortex generators.
Khoshvaght-Aliabadi et al. [12] studied experimen-
tally and numerically of the for the laminar force con-
vection of copper-water nanofluid flow in plate-fin
heat exchanger with vortex-generator. The result
showed that the best the thermal performance was
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obtained with the use wings at the angle of attach of
60°. Ahmed et al. [13-19] numerically conducted on
the nanofluid flow in a corrugated channel and ob-
served that the heat transfer enhanced with using
corrugated channel and with suspension nanoparti-
cle. Mohammed et al. [20] conducted a numerical in-
vestigation on the mixed convection of nanofluid
flow over backward facing step with rectangular baf-
fles. They observed the baffle height, baffle distance
and baffle location have an important effect on heat
transfer enhancement, while the baffle width has no
important effect. Abdollahi and Shams [21] numeri-
cally studied on the effect of the vortex generators on
the heat transfer enhancement in rectangular chan-
nel using nanofluid and found that the performance
of channel improved with the volume fraction of na-
noparticles and with using vortex generator. Wang
and Zhao [22] studied on the performance of rectan-
gular channel with using circular cylinder as vortex
generators and result showed that the thermal per-
formance of channel enhanced with using vortex gen-
erator. Esfe et al. [23] carried out a numerical study
of the laminar mixed convection nanofluid flow in a
horizontal channel with two hot obstacles mounted
at the lower wall. They observed the highest augmen-
tation in heat transfer was less than 10% as a nano-
particles volume friction increase from 0 to 5%.
Khoshvaght-Aliabadi et al. [24] experimentally con-
ducted on the effect of the corrugated/ vortex gener-
ators of plate-fin on the thermal- hydraulic charac-
teristic of plate fin heat exchangers and they ob-
served that the highest improvement in the rate of
heat transfer was about 83.7% for corrugated/vortex
generators plate fine heat exchanger as a compared
to the smooth channel. Datta et al. [25] numerically
investigated of the heat transfer augmentation in mi-
crochannel using vortex generator and it was found
that the best thermal performance has been obtained
at Reynolds number of 600 with angle of longitudinal
vortex generator of 30°.

In current study, the laminar forced convection flow
of SiOz-water nanofluid in a two-dimensional chan-
nel with trapezoidal baffles is numerically stdied. The
effect of geometrical parameter of baffles such as
height of baffles as well as and the location of baffles,
Reynolds number and volume fraction of nanoparti-
cles on the flow and thermal fields are investigated.

2. Mathematical formulation

2.1 Physical model and assuptions
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In this study the physical model is consisting of two
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Figure 1. Physical domain for the current study.
parallel plates with spacing (H) is 1 mm and the total (U n owve _ 1 i( 3_U) n
length (Lt) is 30 mm as shown in the Fig. 1. The chan- a¢ an Re log \"11 o¢
nel is consisting of three sections; unheated section, 9 (322 a_U) + 9 (312 a_U) + 9 (312 a_U)] -
heated section and unheated section. The length of on on ¢ on/ — on %
opP aP
the heated section (Ln) is 20 mm, while the length of [311 Fre + B4, %] 2)
each unheated sections is 5 mm. The two identical
baffels with trapezoidal shapes are mounted at the
upper and lower walls of heated section with differ-
ent distances from the entrance of channel. The Y-Momentum:
lower baffle is located at different distances from the
entrance of channel (Ls= 5, 10 and 15mm), while the
upper baffles is located at the distance (Ln) 10 mm
from the entrance of channel. The baffles widths are U9 + owvs _ L [i ( 11 a—V) +
W=1 mm and w1=0.5 mm, while the baffles height (b) 666 aVa" 2 Re a%v ag o
of 0, 0.1, 0.2 and 0.3 mm. It can be assumed that the n (Bzz %) + T (312 %) + o (Blz a—()] —
flow is, steady, laminar, incompressible, and two- ap ap
dimensional. In addition, the cold mixture of base [Bllﬁ + Bi; E] (3)
fluid (water) and the spherical nanoparticles of SiO:
can be assumed as a homogenous mixture.
Energy:

2.2 Governing equations

The governing equations in term of body-fitted co-
ordinate system form are given as [26]:

- Continuity:

aUe) | AV _

o oy = 0 )

X-Momentum
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a(BUS) , (VS _ 1 [d 26
a¢ + an _Repr[a(( 116()+

%(322 g_f]) + 6%(312 g_f]) +%(321 g—i)] 4

Where

UC=UY,,—VX,7, VC—VX(—UY( ,
(Xn2+Y,?) X2+Y7%)

Bll — ; n , BZZ — ¢ - 4 ,

Bi; =By = _—(szn;rygyn) (6)
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The non-dimensional quantities that are used in the
above equations can be expressed as:

KX y_Y yu
D, D, Uiy

p=1Tn  p__P . (7)
T, =T Pt Uin

In order to solve the above governing equations
used in the current study, the boundary conditions
are defined as:

i. Atthe entrance of channel:
3
U= 5 [1- L]z , where -H/2<y<H/2

H/2
V=0,6=0 (8a)
ii. Atthe outlet of channel:
2=0,2=0,2=0 (8b)
iii. At the walls of channels:
U=0,v=0,60=1 (8c)

The thermophysical properties of SiO2-water
nanofluid considered in the current study are the
ones used by Navaei et al. [27].

3. Numerical algorithm

The governing equations in terms of body fitted co-
ordinate system have been solved using finite vol-
ume approach based on SIMPLE algorithm [28]. The
collocated grid arrangement is used to store all phys-
ical variables, such as velocities, temperature and
pressure, in the same nodes of computational do-
main [29]. Further, the Poisson equations are solved
to develop the computational grid of present study,
see Fig. 2. The under-relaxation of all physical varia-
bles is applied to converge the numerical solution.
Thus, the convergence criterion for all variables is set
to 10-5. After solving the governing equations, some
useful parameters can be determined. For example,
the local Nusselt number at the walls of channel is de-
termined as [30]:

_h«Dn__ _ kns 06 9)

Nu
x knf kf ay
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The average Nusselt number is defined as [16]:

1 Ls+L
Nu, = ZIL: "Nu, dx (10)
The friction factor is given as [31]:

f=a

Dn, 2
L pnf Uizn

(11)

The performance evaluation criterion is defined as
[17]:

_ (Nuav /Nuav,s)
PEC = (f1f)Y/3 (12)

4. Grid testing and code validation

In order to test the grid independent, the average
Nusselt number are estimated for different grid sizes
of (281x51, 381x51, 381x61, 481x61 and 481x71)
as shown in Fig. 3. It is found the optimum grid sizes
is 481x61, therefore it will be employed them
throughout all computations of the current study. In
order to check the accuracy of numerical algorithm
that is used for simulating forced convection flow in
channel with trapezoidal baffles, the average Nusselt
number and friction factor for water flow in a wavy
channel have been estimated and compared with
previous with previous numerical and experimental
results of Sui and et al. [32] as shown in Fig. 4. (a and
b). Itis observed the agreement between current and
previous results is acceptable.

Figure 2. Computational Grid for the current study.
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Figure 3. Average Nusselt number versus Reynols number for
different grid sizes at L,=10 mm, Ls=10 mm, b=0.3 mm, w=1
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Figure 4. Comparison the present study with previous experi-
mental and numerical study of Sui and et al. [32] (a) average
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Nusselt number and (b) friction factor.

5. Result and discussion

The effect of baffles height and the location, Reynolds
number and nanoparticles volume fraction on the
flow and thermal characteristics have been pre-
sented and discussed in current study. The velocity
vector and isotherms contours at b=0.3 mm, L,=10
mm, Ls=5 mm and ¢ = 4% as shown in Fig.5. It can
be seen from the velocity vector that when the
nanofluid flowing in channel, the re-circulation re-
gions grows behind the upper and lower baffles. It is
clearly observed that the direction of flow in these re-
gions is in the opposite direction to the main flow.
Furthermore, it is found that the size of re-circulation
regions increases with increasing Reynolds number.
Looking at isotherms contours, it can be noted that
the thickness of thermal boundary layer decreases
with increasing Reynolds number. It is also observed
that the presence of the re-circulation zones can im-
prove the mixing of the hot fluid at the walls and the
cold fluid at the core. The effect of nanoparticles vol-
ume fraction on the average Nusselt number for dif-
ferent Reynolds number at Ln=10 mm, Ls=5 mm and
b=0.3 mm is depicted in Fig.6a. As expected, it is ob-
served that the average Nusselt number increases
with Reynolds number. Also, the average Nusselt
number increases with nanoparticles volume frac-
tion due to enhance thermal conductivity of working
fluid. Fig. 6.b displays the effect of nanoparticles vol-
ume friction on the non-dimensional pressure drop
at Lh=10 mm and Ls=5 mm and b=0.3 mm. In general,
the non-dimensional pressure drop is gradually de-
crease with Reynolds number. At a given Reynolds
number, the pressure drop is slightly increased as na-
noparticles volume fraction increase due to increase
the viscosity of working fluid. The variation of ther-
mal-hydraulic performance factor versus Reynolds
numbers with different nanoparticles volume frac-
tion at Lh=10 mm and Ls=5 mm and b=0.3 mm is
shown in Fig. 6.c. It is found that the performance fac-
tor increases with nanopaprticles volume fraction
because the enhancement in heat transfer is higher
than increase in friction factor.

Fig. 7.a. displays the effect of baffle height on the av-
erage Nusselt number at L,=10 mm, Ls=5 mm
andg = 4%. As expected, it is also found that the
minimum value of the average Nusselt number over
Reynolds number when b=0, without baffle, because
the poor fluid mixing in straight channel and hence
higher thickness of the thermal boundary layer. The
average Nusselt number increases with increasing
the baffle height because of the size of re-circulation
regions increases with baffle height and conse-
quently enhance fluid mixing in channel. Fig. 7.b
demonstrates the effect of baffle height on the non-
dimensional pressure drop for different Reynolds
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number at Ln=10 mm, Ls=5 mm and¢ = 4%. It is ob-
served the pressure drop increases as the baffle
height increase due to presence the re-circulation re-
gions that growth behind the upper and lower baffle.
The effect of baffle height on thermal-hydraulic per-
formance for different Reynolds number at L,=10
mm, Ls=5 mm and¢ = 4% as depicts in Fig. 7.c. [t can
be seen that the thermal-hydraulic performance fac-
tor is greater than unity for any value of Reynolds as
well as baffle height. This means that the augmenta-
tion heat transfer is greater than the pressure drop
penalty. It can also be seen that the performance fac-
tor increases with the baffle height due to improve
the fluid mixing in channel.

The effect of location of lower baffle on the average
Nusselt number for different Reynolds number at
b=0.3mm, Ln=10 mm and ¢ = 4% is depicts in Fig.
8.a. It can be observed that the location of baffles has
a clear effect on the average Nusselt number. When
the upper and lower baffles located at the same dis-
tance from the inlet of the channel (i.e. at Ls=10 mm
and Ln=10 mm), the average Nusselt number has the
highest value due to improve the fluid mixing as well
as increase the velocity and temperature gradients.
This is because the crosses sectional area of channel,
at this location, is smaller than that for any location
of lower baffle and hence increases the velocity and
temperature gradients. Fig. 8.b displays the effect of
location of the lower baffle on the non-dimensional
pressure drops with Reynolds numbers for different
at b=0.3 mm, L,=10 mm and ¢ = 4%. It is found that
the pressure drop have the highest value at Ls=10
mm due to increase the velocity gradient at this loca-
tion as pointed out earlier. Fig. 8.c shows the varia-
tion of thermal-hydraulic performance factor versus
Reynolds number for different location of the lower
baffle, respectively. In general, it is found that the
performance factor is greater than unity for all values
of the baffle distance considered in this study. This
means that the enhancement in the heat transfer is
higher than the increasing in friction losses. In addi-
tion, it is observed that the channel provides the best
performance over Reynolds number range at Ls=15
mm and Ln,=10 mm due to improve the mixing of fluid
and hence enhance the heat transfer rate.
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Figure 5. b. Isotherm contours for different Reynolds numbers at
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30F Thermal- hydraulic performance factor at L,=10 mm, b=0.3
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Prandtl number, (Pr = u,sCp/kyy)

thermal-hydraulic performance factor

Reynolds number, (Re =
pnf- Uin- Dh//'lnf)

temperature at the wall of channel, K°
temperature of the fluid, K°

velocities components, m/s
dimensionless velocity component
width of the base baffle, mm

width of the top baffle, mm

2D Cartesian coordinates, mm

dimensionless Cartesian coordinate

Greeks symbols

{n Body fitted coordinates

Bi1, By, Transforming coefficients

B;,, By Transforming coefficients
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