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ABSTRACT

ARTICLE HISTORY

An attempt is made to improve the overall performances of channel heat
exchangers. The techniques of baffles and nanofluids are combined to
enhance the dynamic and thermal behaviors within the channel exchanger. Baffles under various attack angles are used as vortex generators. In
addition, oil/multiwalled carbon nanotubes (MWCNT) is used as a working
fluid. Both inclinations in the upstream and downstream directions were
considered, referenced as Case A (UIB) and Case B (BIB), respectively. While
the channel equipped with vertical baffles is referenced as Case C. The proposed models with combined techniques allowed a considerable enhancement in the overall efficiency. The comparison between the three cases
revealed that the most significant value of thermal enhancement factor
(TEF) of 5.634 was reached with vertical baffles (Case C) at the highest
value of Reynolds number. When using inclined baffles, the 75 upstream
attack angle (Case A) allowed the highest TEF of 4.814, compared with
Case B.

Received 15 September 2020
Accepted 22 October 2020

1. Introduction
Improving the thermal and dynamic performance of heat exchanger and solar collector channels
is the goal of many numerical, analytical, and experimental studies in the field of renewable energies. Several methods have been followed for successful energy efficiency, such as restructuring
the internal structure of the channel by adding extended surfaces or improving the thermal physical properties of the flow by creating new fluids such as nanofluids. These energetic enhancement strategies are essential and have been the target of many recent studies.
Several recent review studies have summarized various research related to promoting heat transfer and its applications with channels using baffle and fin-type obstacles [1–12]. Various research
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studies have examined different types of turbulators, deflectors, and vortex generators for different
flow conditions. Using a numerical technique, Kamali and Binesh [13] studied the turbulent characteristics of thermal transfer and skin friction inside a duct of rectangular form fitted by different
ribs, that is, trapezoidal, triangular, and square. Using a computational model, Promvonge and
Thianpong [14] investigated the dynamic and thermal behavior of a flow of turbulent convective air
within a constant surface thermal flux channel provided by various rib configurations, that is, rectangular, wedge, and triangular. Using a numerical simulation, Sripattanapipat and Promvonge [15]
obtained the performance of laminar flow through a channel with diamond type baffles of various
tip angle values. Zhao et al. [16] reported experiments to examine the hydrothermal performance of
the de-ionized type water, flowing over fins in a rectangular channel. They investigated the effects of
some fin shapes such as triangle, diamond, square, elliptical, and circular with various densities of
these same obstacles. Using both numerical and experimental approaches, Wang et al. [17] reported
the effect of various fins, that is, drop, elliptical, and circular, on the transfer of heat inside a channel
with a rectangular geometry. Saini and Saini [18] used arc type ribs to enhance the coefficient of
convective transfer of heat inside a roughened duct at the air for a solar heater. Combining wavy
type rib and groove deflectors, Skullong et al. [19] experimentally reported the characteristics of the
turbulent fluid flow field and thermal transfer inside a channel from a solar air heater. Using an
experimental technique, Ben Slama [20] introduced baffles in the dynamic vein of air to favor the
thermal transfer inside the solar air collectors. Bekele et al. [21] carried out an experimental study to
examine the impact of absorber surface placed delta baffles of an air solar heater duct. Handoyo
et al. [22] used the delta type baffles with various separation distances to improve the thermal transfer aspect inside a v-corrugated surface channel. Torii et al. [23] reported a new model of obstacles
that can enhance the thermal behavior but nevertheless can decrease the friction loss through a fintube type heat exchanger fitted with tubes in its circular forms, by deploying vortex generators with
a winglet configuration. Zhou and Ye [24] compared the performance of a novel generator of vortices, that is, curved trapezoidal winglets with some traditional generators of vortices, that is, delta
type winglet, trapezoidal geometry winglet, and rectangular form winglet. Lei et al. [25] numerically
addressed the effect of the inclined arrangement of helical type obstacles on the performance of
exchangers of heat. Wen et al. [26] compared the performance of various helical type baffle geometries inside shell-and-tube type heat exchangers using an experimental method. Dong et al. [27]
numerically examined the hydrothermal performance of five different heat exchangers fitted with
trisection helical type obstacles of various forms and attack values. Bopche and Tandale [28] used an
experimental model to analyze the coefficient of transfer of heat and skin friction by installing U
type turbulators on the hot surface of a solar air duct. Promvonge et al. [29] showed a thermal characterization, and they experimentally reported the impact of the inclined configuration of horseshoes type baffles on the flow and thermal transfer aspects inside a heat exchanger of tubular
section. Using numerical and experimental techniques, Skullong et al. [30] treated the case of
oblique horseshoe type obstacles with a single attack value of 30 , and different ratios of blockage
and separation. Singh et al. [31] studied the flow resistance and the heat transport inside ducts from
solar air heaters in the presence of discrete V-down type ribs. They varied the relative gap position
and width, the attack angle as well as the relative roughness height and pitch to obtain an enhanced
thermal transfer. Tamna et al. [32] presented an experimental and numerical analysis on the thermal
improvement inside a solar channel at the air with generators of vortices of ‘V’ baffle type. Chamoli
and Thakur [33] showed a novel configuration of ‘V’ type baffles with perforated geometries inside
the solar energy collection channel using air as a fluid of transfer of heat. Jedsadaratanachai and
Boonloi [34] used a mathematical model to show the effect of inserting baffles, of double ‘V’ form
with different pitch and blockage ratios, on the configuration of the convective flow field through a
channel of in its square geometry. Kumar et al. [35] introduced the discrete configuration on the
‘W’ type ribs for an improved thermal transfer in a channel of solar heaters. Sriromreun et al. [36]
used both numerical and experimental ways to conduct a hydrothermal analysis on the heat transfer
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phenomenon over ‘Z’ type turbulators inside a rectangular geometry channel. Nanan et al. [37]
experimentally and numerically analyzed various twisted cross baffle type turbulators aiming to augment the thermal efficiency of a tube of exchange of heat. Baou et al. [38] reported enhancements in
the transfer of heat through channels in a vehicle radiator using various geometries of corrugated
section fins filled with porous materials, that is, a horizontal first form, a vertical second geometry, a
third corrugated situation, and a wavy corrugated fourth configuration. Using an experimental procedure, Kishore et al. [39] estimated the total rate of transfer of heat, the skin coefficient of friction
as well as the pressure loss for the tube side from a shell-and-tube type thermal exchanger. Olfian
et al. [40] numerically evaluated the thermal efficiency of a solar air channel inserted by baffles in
angled rectangular and angled ‘V’ types. Bezaatpour and Goharkhah [41] showed an enhancement
in the heat transfer and a reduction in the pressure drop inside a mini channel using a magnetic vortex generator. Ghiami et al. [42] realized an airflow solar heater with galvanized-plate type baffles
and manufactured in Iran at University of Ferdowsi of Mashhad. Kabeel et al. [43] reported experimental data on a solar still (SS) of conventional type, integrated with an inclined section SS and various depths of water. Using an analytical model, Kudoh et al. [44] predicted the efficiency of a
thermal energy exchanger placed inside an airflow conditioner. Using various shell diameter values
with different flow conditions, Nada et al. [45] performed an experimental analysis of the mixedconvection over external radial type fins from a shell and helical coil type water cooler. Using a
transverse double-vein wavy geometry channel with an internal heat source/sink, Prathap Kumar
and Umavathi [46] characterized the field of a fluid flow of porous-media-saturated Walter type.
Other studies have adopted modern models of obstacles, in different channels of heat exchangers,
and address the different characteristics of heat transfer and friction loss, as investigated as provided
in Table 1 [47–56].
On the other hand, nanofluids have witnessed significant development during the recent
period by improving its structure, in addition to its multiple applications in various industrial
fields. Many review analyses dealt with the latest events of these fluids in terms of composition,
as well as in terms of their use [57–68]. Besides, the application of nanofluids not only promoted
heat transfer in the channels, but was also used for other configurations, such as cavities and
enclosures as tabulated in Table 2 [69–76].
By discussing the data of the previous studies, listed above, it is clear that enhanced heat transfer inside the heat exchanger and collector channels was shown by optimizing the use of
obstacles, and in the presence of air as a heat transfer fluid in most the cases. On the other hand,
nanofluids were used to improve the performance within cavities and enclosures in the presence
and absence of porous media. In this study, dynamic and thermal behaviors of the channels are
enhanced by mixing the techniques of baffles and nanofluids. The baffling technique has been
updated, by changing from its flow attack angle, to create high-pressure and high-speed flow
gaps, with solid rings for recycling, allowing surfaces with high-temperature gradients to be given,
including enhanced heat transfer between the hot bulk and fluid. Besides, a new fluid of heat
transfer was updated by giving it a nanostructure with high physical properties, to raise the thermal conductivity of the flow. So, creating large areas with high-temperature gradients, using the
baffling technique, as well as increasing the thermal conductivity of the flow field through the use
of nanofluid technology, allows an optimum enhancement of heat transfer within the channel.

2. Mathematical model
The physical model proposed in this study is shown in Figure 1. It is a two-dimensional channel,
horizontal in section, rectangular in form, with two rectangular-shaped obstacles attached to the
inner surfaces. The first obstacle is a fin-type, located on the hot top surface of the channel. In
contrast, the second obstacle is a baffle-type, attached to the thermally insulated opposite wall,
that is, bottom surface.
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Table 1. Thermal enhancements in HECs, using VGs.
Author(s)
Abdullah et al. [47]

Physical model
Single pass SAH
with reflectors
and turbulators

Wen et al. [48]

Plate-fin HE

Saravanakumar et al. [49]

Arc-rib roughened
SAH with fins
and baffles

Lv et al. [50]

Circular tube with
center-connected
deflectors

Yang et al. [51]

Tube with internal
micro-fins

Geometrical model

(continued)
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Table 1. Continued.
Author(s)
He et al. [52]

Physical model
Micro combustor
with pin fin arrays

Yu et al. [53]

STHX with
CPB and LVG

Nidhul et al. [54]

V-ribbed
triangular
duct SAH

Promvonge
and Skullong [55]

HE with V-WVGs

Nakhchi et al. [56]

HEs with PLS inserts

Geometrical model
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Table 2. Thermal enhancements in cavities and enclosures, using nanofluids and porous media.
Author(s)
Baghsaz et al. [69]

Physical model
Porous cavity
Al2O3–water
Transient natural convection
Finite volume method

Astanina et al. [70]

Porous cavity
Al2O3–water
Mixed-convection
Finite difference method

Ismael et al. [71]

Porous cavity
CuO–water
Conjugate heat transfer
Over successive relaxation
finite difference method

Mehryan et al. [72]

Porous cavity
Al2O3–Cu water
Free convection
Galerkin-weighted
residual finite element

Geometrical model

(continued)
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Table 2. Continued.
Author(s)
Sheikholeslami et al. [72]

Physical model
Porous cavity
CuO–water
Forced convection
Lattice-Boltzmann method

Izadi et al. [73]

Porous enclosure
Cu–water
Natural convection
Finite element method

Malik and Nayak [74]

Porous enclosure
Cu–water
Convective heat transfer
Finite volume method

Sheikholeslami et al. [75]

Porous enclosure
Al2O3–water
Forced convection
Lattice-Boltzmann method

Li et al. [76]

Porous enclosure
CuO–water
Convective heat transfer
Finite element method

Geometrical model
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In this study, the fin-type obstacle, that is, top obstacle or flat fin (FF), is vertical to the horizontal axis of the channel, that is, channel walls, during all simulations. In contrast, the baffletype obstacle, that is, bottom obstacle, is inclined according to two different cases. In the first
case, the inclined baffle is directed toward the entrance section of the channel, according to five
different attack values, that is, 15 , 30 , 45 , 60 , and 75 relative to the horizon. This inclined
baffle is according to the model (A), called UIB, that is, upstream inclined baffle.
In the second case, the baffle is inclined toward the exit section of the channel, with five various inclination angles, as reported from the first case baffle, that is, 15 , 30 , 45 , 60 , and 75
relative to the horizon. This inclined baffle is according to the model (B), called DIB, that is,
downstream inclined baffle. Both inclined baffle cases, that is, models (A and B), are compared to
the vertical baffle case (VB or model C), that is, an angle of attack of 90 . The geometric dimensions of the baffled channel, that is, length (L), height (H), and hydraulic diameter (Dh) of the
channel, as well as the length (l), thickness (e), and separation distances (L1, L2, and S) of the
obstacles, are also shown in Figure 1, relying on the experimental analysis of Demartini and his
colleagues in [77].
The fluid of transfer of heat, used to simulate the recent physical model, is an oil-based nanofluid, dispersed by nano-sized solid particles, of multiwalled carbon nanotubes (MWCNT), with a
volume fraction (u) of 2%. The thermophysical properties of the base fluid (oil) [78], solid nanoparticles (MWCNT) [78], and nanofluid (Oil/MWCNT) are presented in detail by Gholami et al.
in their referenced numerical study [79].
The fluid flow and heat transfer inside the channel are subjected to some conditions, the most
important of which are: the forced-convection heat transfer and flow are two-dimensional; the
stream is steady, turbulent, Newtonian, and incompressible; the nanofluid is homogeneous and
single-phase; the condition of no-slip boundaries is applied to the solid walls, and the heat transfer by radiation is neglected.
In this analysis, the entire top wall of the channel, that is, 0  x  L and y ¼ H/2, is considered
under the constant surface-temperature condition (Tw) of 375 K [80], and the opposite wall, that
is, 0  x  L and y ¼ H/2, is consider thermally insulated [81]. For the section of the channel
entrance, that is, x ¼ 0 and H/2  y  H/2, the profile of velocity is uniform [77, 80], that is,
u ¼ Uin and v ¼ 0, while the condition of pressure-outlet (P ¼ Patm) is applied at the exit section
[77], that is, x ¼ L and H/2  y  H/2. The fluid Tin, that is, at the inlet, is 298 K [79]. All these
boundary conditions are also presented in Figure 1.
To model the phenomenon of turbulence within the channel, the SST k–x model [82, 83] is
used, which has the potential to be applied in both near and far areas from the wall, as well as
for different values of Reynolds number, whether low or high, as many investigators have used it
in their numerical studies, such as Hosseinnezhad et al. [84], Alipour et al. [85], Manca et al.
[86], and Pourfattah et al. [87].
According to the flow and heat transfer characteristics, cited above, they are governed by [87]:
Continuity equation:
@
ðqui Þ ¼ 0
@Xi

(1)

Momentum equations:

"
!#

@
@P
@
@ui @uj 2 @ui
@ 
qui uj Þ ¼ 
þ
l
þ
 dij
qu0i u0j
þ
ð
@Xj @Xi 3 @Xj
@Xj
@Xi @Xj
@Xj

(2)
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Figure 1. Computational domains.

Energy equation:
@
@
ðui ðEq þ PÞÞ ¼
@Xi
@Xj

"

#

Cp lt @T
kþ
þ ui ðsij Þeff ¼ 0
Prt @Xj

(3)
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Figure 2. Refined quadrilateral structured meshes.

 Total energy (E):


E ¼ Cp T  ðP=qÞ þ u2 =2
 Deviated stress tensor (sij

(4)

eff):

"
ðsij Þeff ¼ leff

@uj @ui
þ
@Xi @Xj

!

2
@ui
dij
 leff
@Xj
3

#
(5)

with: ui: mean velocity components in Xi direction, uj: mean velocity components in Xj direction,
dij: Kroenecker delta, q: density, Cp: heat-capacity, l: eddy viscosity, and leff: effective viscosity,
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Figure 3. Effect of (nx  ny) node density on (umax/Uin) ratio, with u ¼ 0.02, and Re ¼ 5,000.

Turbulent kinetic energy equation (k):
@
@
@k
ðqkui Þ ¼
Ck
@Xi
@Xj
@Xj

!
þ Gk  Yk þ Sk

(6)
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Figure 3. Continued.

Specific dissipation rate equation (x):
@
@
@x
Cx
ðqxui Þ ¼
@Xi
@Xj
@Xj

!
þ Gx  Yx þ Dx þ Sx

(7)

with Gk: k generation due to mean velocity gradients, Gx: x generation, Ck: k effective diffusivity,
Cx: x effective diffusivity, Yk: k dissipation due to turbulence, Yx: x dissipation due to turbulence, Dx: cross diffusion, and Sk and Sx: source terms.
The thermophysical properties of the nanofluid can be defined as follows:
Density [79, 88]:
qnf ¼ ð1  /Þqf þ /qp

(8)

ðqCp Þnf ¼ ð1  /ÞðqCp Þf þ /ðqCp Þp

(9)

knf
¼ 1 þ 64:7/0:746 ðdf =dp Þ0:369  ðkp =kf Þ0:7476 Pr0:9955 Re1:2321
kf

(10)

Heat capacitance [79, 88]:

Thermal conductivity:

Effective dynamic viscosity [79, 88]:
lnf ¼

lf
ð1  qÞ2:5

(11)

with
u: solid-volume-fraction of nanoparticles, k: thermal conductivity, and p, f, and nf: the nanoparticle, base fluid, and nanofluid, respectively.
The hydrothermal characteristics of the flow and heat transfer can be calculated as follows:
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Figure 4. Effect of (Nx  Ny) node density on (f/f0) ratio, with u ¼ 0.02, and Re ¼ 5,000.

Local friction coefficient:
sw
2
2 qum

Cf ¼ 1

(12)
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Figure 4. Continued.

Average friction coefficient:
f ¼

ðDP=LÞDh
1
2
2 qum

(13)

Local Nusselt number:
Nux ¼
Average Nusselt number:

h x Dh
k

(14)

ð
1
Nux @x
Nu ¼
L

(15)


1=3
TEF ¼ ðNu=Nu0 Þ= f =f0

(16)

Thermal enhancement factor:

with: um: mean velocity of the section from the channel, sw: wall shear stress, DP: pressure drop,
Dh: hydraulic diameter, and hx: local coefficient of heat transfer

3. Numerical model
In the simulation section, the method of finite volumes [89] is adopted to give a numerical solution to the governing equations. Given the flow behavior, heat transfer characteristics, and conditions to which the nanofluid inside the baffled channel is subjected, the SIMPLE-algorithm [89]
is used to pair the velocity–pressure relationships, the Quick-scheme [90] is applied in order to
obtain the flow field variables’ derivatives, as well as the SST k–x model [82, 83] is considered
for modeling turbulent field. Moreover, the optimum residual is set to the value 106 for flow
variables, while the value 109 is set for energy variables, for an excellent numerical solution value.
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Figure 5. Effect of (Nx  Ny) node density on (Nu/Nu0) ratio, with u ¼ 0.02 and Re ¼ 5,000.

For the three cases considered, that is, A, B, and C models, the adopted mesh system is shown
in Figure 2a, b, and c, respectively. It is a non-uniform system, with quadrilateral type elements.
The grid density is increased in areas with high gradients of velocity, temperature, and pressure,
that is, near the walls of the channel and obstacles. Mesh dependency tests were performed by
checking that the values the maximum dimensionless axial velocity (umax/Uin), friction factor
(f/f0), and average Nusselt number (Nu/Nu0) did not change by 2.5% (Figures 3–5). In this
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Figure 5. Continued.

verification, the previous channel models are simulated for different node densities (nx  ny) from
the grid system, that is, from (95  35) to (370  145) cells, with u ¼ 0.02 and Re ¼ 5,000. The
results’ analysis of the mesh system shows that there is no benefit when the node density changes
from (245  95) to (370  145), as the deviation percentage does not exceed 1% in all cases and
for all physical quantities analyzed. For this, a grid system is selected, subject to the same characteristics described above, with a specific density of (245  95) cells according to the axes of the
computational domain.
The value of the numerical solution is also verified by comparing it with numerical and
experimental solutions for other studies from the literature. The comparison is made in terms of
pressure-coefficient (Cp) and axial velocity (u) curves, with those reported numerically and
experimentally by Demartini et al. [77], see Figure 6a and b, respectively. Using the same physical
model and flow characteristics, that is, baffled channel (see Figure 1c), turbulent flow of air, and
Re ¼ 8.73  104, presented in [77], the comparison is successfully made through the convergence
of numerical and experimental solutions. The working fluid, which is employed in this validation,
that is, Figure 6a and b, is air. After checking the validity of our predicted results, the same
numerical approach was used for the new fluid, that is, oil/MWCNT nanofluid.

4. Results and discussion
The dynamic pressure (Pd) fields of the various models of inclined baffles (Case A: UIB, and
Case B: DIB) are illustrated in Figure 7, for Re ¼ 5,000 and u ¼ 0.02. The analysis of the UIB first
model show a decrease in Pd values in the front and back areas of the obstacles, while an increase
in Pd values is observed in the areas adjacent to tip of obstacles.
The presence of a flat fin on the hot wall of the channel produces a narrow gap between its
upper edge and the lower insulated wall of the channel, which causes an increase in Pd values.
The Pd values decrease with increasing attack angle (a). This decrease reached about 9.37%,
16.73%, 18.76%, and 20.69% for a ¼ 15 , 30 , 45 , 60 , and 75 , respectively.
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Figure 6. Profiles of validation with [77], using air as HTF with Uin ¼ 7.8 m/s.

The presence of the second obstacle with an upstream inclination causes a flow distortion,
which increases with the raise of a. Moreover, the Pd values decrease as the attack angle
decreases, where the drop values of Pb are 40.87%, 27.94%, 27.09%, and 7.81% and for a ¼ 15 ,
30 , 45 , 60 , and 75 , respectively.
The second model (B) of inclined baffles (DIB) showed less resistance to the fluid flow, especially for small attack angles. In this case, the fluid flows under relatively low pressure. The
increased a leads to a significant distortion in the fluid flow and increased values of Pd behind
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Figure 7. Plots of Pd and W fields, for A, B, and C cases, with Re ¼ 5,000 and u ¼ 0.02.
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Figure 8. Maximum of (a) Pd and (b) W values relative to Re, for A, B, and C cases, with u ¼ 0.02.

the baffle. The corresponding increase in Pb was around 2.31%, 17.60%, 44.68%, and 63.07% at
a ¼ 15 , 30 , 45 , 60 , and 75 , respectively.
It is also noted that Case A causes more distortion of flow than that for Case B and generates
high-pressure values, especially at significant a.
The streamlines are presented in Figure 7 for Re ¼ 5,000 Re number. The flow patterns are
uniform until reaching the obstacles, where counter flows are formed. The recirculation cells that
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Figure 9. Plots of u and v fields, for A, B, and C cases, with Re ¼ 5,000 and u ¼ 0.02.
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Figure 10. Maximum of (a) u and (b) v values relative to Re, for A, B, and C cases, with u ¼ 0.02.

are generated before and behind are baffles are characterized by low-pressure values. In the case
of UIB, the size of the recycling cell situated downstream of the FF decreases when a changes
from 15 to 45 , and then it increases with high values of a. At the bottom side of the channel
and behind the UIB, there is a second recycling cell where its length decreases with increased a.
From the second model (DIB), these recirculation cells are vital on the back of the FF, while
they are neglected on the right side of the DIB for small values a. The length and size of the
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Figure 11. Plots of V fields, for A, B, and C cases, with Re ¼ 5,000 and u ¼ 0.02.
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Figure 12. Maximum of V/Uin values relative to Re, for A, B, and C cases, with u ¼ 0.02.

upper recycling cell decrease with the raise of a, resulting thus in an augmentation of the size of
the lower recycling cell.
For different attack angles and for both Cases A and B, the variations of the maximum values
of Pd and W versus Re are shown in Figure 8a and b, respectively.
In both Cases A and B, the Pd values increase with the raise of Re. The maximum values of
the dynamic pressure are observed at a ¼ 75 . At high Re and when a changed from 15 to 75 ,
the reduction in Pdmax values is ranged from 41.72% to 7.95% for the UIB model and from
41.02% to 8.18% for the UIB model.
Figure 8b demonstrates an increased W with increased Re and a. Whatever the Re value and
for both UIB and DIB models, the inclined baffle by 75 gave the most significant amount of W.
Two-dimensional visualization of the flow fields is provided in Figure 9 for the three Cases A,
B, and C and various inclination angles. Both the axial and vertical components of velocity are
plotted for Re ¼ 5,000 and u ¼ 0.02.
The axial velocity is intensified at the tip of the fin and baffle. This area presents the central
passage of fluid particles. Therefore, the baffle inclination in the upstream direction yields a supplement blockage of the movement of particles (Case A, a ¼ 75 ). However, the small inclination
angle (Case A, a ¼ 25 ) allows the passage of the whole flow rate. On the contrary, the inclination
of the baffle in the downstream direction (Case B) reduces the effect of obstacle whatever the
value of the inclination angle. The increase of a in B case yields more intensified flows.
A recirculation loop is observed behind each vortex generator, that is, the fin and baffle. The
size of this recirculation loop increases with decreasing inclination angle for both Cases A and B.
Another interesting remark is that the values of axial velocity behind the baffle are lower for Case
A than those for Case B. It seems that the inclination of the baffle in the upstream direction
results in an increased pressure drop.
Regarding the vertical velocity, the significant changes occur in the baffled region of the channel, with a uniform flow elsewhere. Notably, in the space between the vortex generators (i.e., the
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Figure 13. Plots of k fields, for A, B, and C cases, with Re ¼ 5,000 and u ¼ 0.02.
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Figure 14. Maximum of k values relative to Re, for A, B, and C cases, with u ¼ 0.02.

fin and baffle), where the fluid particles enter in a chaotic movement and intensify
the turbulence.
The maximum values of axial and vertical velocities are illustrated in Figure 10 for all of the
geometrical configurations under investigation. As clearly observed, the baffle inclination in both
directions yields an increase in the maximum velocity, with a linear change according to
Reynolds number. Another interesting observation is that the wide inclination in the upstream
direction (Case A, a ¼ 75 ) yields the highest velocity from all of the cases studied.
For further insight into the flow structures, the variations of mean velocity are plotted in
Figure 11. The maximum values of mean velocity are located at each tip of the turbulators (fin
and baffle). In addition, the increased angle of inclination destructs the uniformity of flow, resulting thus in the formation of vortices behind each obstacle. Furthermore, a linear increase in Vmax
is observed with the rise of a (Figure 12).
The results of Figures 13 and 14 confirm the findings discussed above and give precise information on the vortex size that is generated in the baffled area of the heat exchanger.
Variations of the turbulent kinetic energy are illustrated in Figure 15 on the horizontal plane
along the channel. The change of kinetic energy begins from the position where the fin is located.
The space between the vortex generators is the area where the particles obtain a supplement kinetic energy of turbulence. In addition, this energy is the highest near the upper wall of the channel at the position where the baffle is located. The size of this area increases with the reduction
of inclination angle in both directions. However, the increased a in Case B provides the most
extensive region of the intensified kinetic energy of turbulence (Figure 16).
The variation of the normalized local Nusselt number (Nux/Nu0) on the hot wall of the channel is highlighted in Figure 17. For all geometrical configurations, the ratio Nux/Nu0 is maximal
at the channel inlet and it decreases starting from the x ¼ 0.218 m, that is, at the beginning of the
fin base. This decline is due to the previous fin, as it contributes to pushing the fluid toward the
lower side of the channel, that is, the migration of the fluid from the hot wall toward the insulated lower wall.
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Figure 15. Vortex length relative to Re, at x ¼ 0.255 m, for A, B, and C cases, with u ¼ 0.02.

For all proposed cases (A, B, and C), Nux/Nu0 augments after the end of the fin base at
x ¼ 0.228 m, which is due to the presence of a reverse flow. The highest ratio of Nux/Nu0 ratio is
located above the top face of the baffle. This enhancement is lost as the fluid approaches the end
of the channel length (x ¼ L), which due to the extreme deviation in the mean stream produced
by the baffle (see Figure 18).
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Figure 16. Vortex length relative to Re, at x ¼ 0.525 m, for A, B, and C cases, with u ¼ 0.02.
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Figure 17. Nux/Nu0 relative to a, at y ¼ H/2, for A, B, and C cases, with Re ¼ 5,000 and u ¼ 0.02.

Nux/Nu0 decreases when a changes from 15 to 30 for both Cases A and B, while it increases
with the raise of a from 30 to 75 . It is also reported that the model UIB provides the most significant increase in the heat transfer rates, for both Cases A and B.
Furthermore, the vertical baffle (a ¼ 90 or C model) yields the greatest ratio of Nux/Nu0 compared with the inclined baffles (A and B models). Compared with Case A, the maximal Nux/Nu0
ratio obtained with the vertical baffle increases by 73.85%, 83.85%, 46.60%, 32.38%, and 4.94%
when a ¼ 15 , 30 , 45 , 60 , and 75 , respectively. However, the comparison against Case B
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Figure 18. Nu/Nu0 relative to Re, at y ¼ H/2, for A, B, and C cases, with u ¼ 0.02.
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Figure 18. Continued.

revealed the superiority of the vertical baffle over the inclined ones (a ¼ 15 , 30 , 45 , 60 , and
75 , respectively) in terms of Nux/Nu0 by 73.85%, 78.18%, 46.60%, 38.75%, and 14.77%.
The Nu/Nu0 mean ratios increase continually with increasing Re, for the two cases (A and B).
Besides, the mean ratios of Nu/Nu0 improve with the raise of a, from 30 to 75 . So, the inclination by 75 gives the optimal heat transfer in the present computational domain with FF and
UIB/DIB (Figure 18).
The variation of the normalized local friction coefficients (Cf/f0) on the upper wall of the
channel is given in Figure 19. The plots in this figure may be divided into three different regions.
The first one, which begins from the duct entrance to the right side of the fin (at x ¼ 0.218 m), is
characterized by too low values of Cf/f0. The second region begins from the left side of the same
fin (at x ¼ 0.228 m) to the point of reattachment flow. In this region, significant values of Cf/f0
are reached due to the fluid rotation behind the fin and its continuous friction with the hot wall.
In the third region, which is extended to the end of the channel, Cf/f0 ratio reaches its highest
values due to the intense friction.
Also, Cf/f0 ratio increases with the augmentation of a. In both Cases A and B, the inclination
angle of 75 results the greatest friction coefficients within the channel. At the smallest Reynolds
number (Re ¼ 5,000) and for a ¼ 60 and 75 , there is a decrease in Cf/f0 from the third model
(C) compared with Case A. Whereas, there is an improvement in Cf/f0 compared with a ¼ 15 ,
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Figure 19. Cf/f0 relative to a, at y ¼ H/2, for A, B, and C cases, with Re ¼ 5,000 and u ¼ 0.02.

30 , and 45 from the same first case. If the Reynolds number changes from 5,000 to 20,000, the
Cf/f0 ratios decrease in all the proposed configurations.
By increasing Reynolds number from 5,000 to 20,000, this tremendous acceleration in the flow
will reduce the contact of the fluid with the channel horizontal axes and, consequently, high
Reynolds values represent the ideal solution for low skin friction inside the channel (Figure 20).
The simultaneous effect of changing Re and a values on the normalized average friction coefficient profiles (f/f0) is presented in Figure 21. A decrease in f/f0 is observed with the raise of Re.
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Figure 20. Cf/f0 relative to Re, at y ¼ H/2, for A, B, and C cases, with u ¼ 0.02.

From Case A: The friction rate increases if the attack angle (a) rises from 15 to 60 . Also, f/f0
decreases when a is expanded from 60 to 75 . So, the case a ¼ 60 provides the best value for
the friction. This value is estimated to be about 6.358 at Re ¼ 5,000. This value drops by about
3.08% when a changes from 60 to 70 for the same Reynolds value (Re ¼ 5,000). On the other
hand, f/f0 decreases by about 12.41%, 34.58%, and 64.44% when a ¼ 45 , 30 , and 15 ,
respectively.
In Case B: The friction rates decrease with decreased a and augmented Re. The value of f/f0
for a ¼ 75 and Re ¼ 5,000 is 4.189. This value increases by about 71.58%, 64.28%, 47.86%, and
26.01% when a ¼ 15 , 30 , 45 , and 60 , respectively.
At Re ¼ 20,000 and a ¼ 15 , f/f0 is equal to 0.834. This value increases by about 17.59%,
91.39%, 189.09%, and 300.78% when a ¼ 15 , 30 , 45 , 60 , and 75 , respectively.
Comparison between Case A and B: At the smallest value of Reynolds number (Re ¼ 5,000)
and a ¼ 60 , the value of f/f0 in Case A is equal to 6.35, which is higher than that for the two
other cases. This value is reduced by about 81.27%, 76.47%, 65.65%, and 51.25% compared to the
values provided by the following attack angles a ¼ 15 , 30 , 45 , 60 , and 75 from the second
model (B). At high Reynolds number (Re ¼ 20,000), f/f0 reaches its maximum value at a ¼ 75
from the first model (A). This maximum value of f/f0 is slightly reduced at a ¼ 60 from the
same model (case A). At the same time, it decreases significantly in the rest of the other cases.
It is evident through the three studied models (A, B, and C cases) that the f/f0 values are high
compared with the unbaffled channel, except for the two cases: 15 at Re ¼ 15,000 and 20,000, as
well as at 30 at Re ¼ 20,000 from the second model (A).
The thermal enhancement factor (TEF) is determined for the various configurations under
investigation (Figure 22). At Re ¼ 5,000 and Case A, the obtained results reveal a decrease in TEF
from 1.54 to 0.85 when a increases from 15 to 30 , which corresponds to a decrease by about
44.54%. Then, TEF is increased until 2.72 when a changes from 30 to 75 . In addition, further
enhancement in TEF may be obtained with increased Re. The highest TEF of 4.81 is reached at
a ¼ 75 and Re ¼ 20,000.
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Figure 20. Continued.

For Case B, when Re changes from 5,000 to 20,000 and a varies from 15 to 30 , the following
ranges of TEF are recorded: [1.77–2.55] to [1.47–2.04]. However, when a varies from 30 to 75 ,
the following ranges of TEF are observed [1.47–2.04] and [2.71–5.19], for the range of Reynolds
number studied.
The lowest value of TEF ¼ 1.479 is observed at a ¼ 30 and Re ¼ 5,000. While the most substantial amount for TEF ¼ 5.194 is given by a ¼ 75 at Re ¼ 20,000.
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Figure 21. f/f0 relative to Re, at y ¼ H/2, for A, B, and C cases, with u ¼ 0.02.
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Figure 21. Continued.

The highest values of the thermal enhancement factor for a ¼ 90 are ranged from 2.824 to
5.634, which indicates the superiority of the vertical baffles than Cases A and B in terms of thermal efficiency.

5. Conclusions
An oil-based nanofluid having high thermal conductivity was used with the baffling technique
to enhance the overall performance of the heat exchanger. Effects of the attack angle (a) of
baffles were highlighted. Both inclinations toward the upstream and downstream directions of
flows were considered, namely: Case A (UIB) and B (DIB), respectively. The obtained results
revealed an enhancement in the heat transfer rates in terms of mean Nusselt number (Nu/
Nu0) by increasing a from 30 to 75 . The highest thermal transfer rates were reached with
a ¼ 75 . For all studied values of Re, the mean ratios of Nu/Nu0 in Case A were higher than
those of Case B.
In Case A and high Re, f/f0 ratios increased with the raise of attack angles. At Re ¼ 20,000, the
vertical baffles (Case C) yielded an increased in the friction rate by about 80.59–22.23% when a
changed from 15 to 75 in Case B.
The comparison between the three cases revealed that the most significant value of TEF of
5.634 was reached with vertical baffles (Case C) at the highest value of Reynolds number. When
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Figure 22. TEF relative to Re, for A, B, and C cases, with u ¼ 0.02.

NUMERICAL HEAT TRANSFER, PART A: APPLICATIONS

347

Figure 22. Continued.

using inclined baffles, the 75 upstream attack angle (Case A) allowed the highest TEF of 4.814,
compared with Case B.
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