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Abstract

This research uses computational methods to examine steady-state turbulent forced convection flow in a duct having rectangular
cross-section equipped with flow-inclined baffles on the bottom wall. The aim of this study is to provide information about
turbulent convective heat transfer in ducts with a roughened surface. Especially, it is intended to obtain the influence of newly
designed baffles on convective heat transfer in detail. Between 1000 and 10,000, the Reynolds number is varied. The duct’s
hydraulic diameter is 75 mm. Air is used as the working fluid. Numerical calculations have been carried out using Ansys
Fluent R18 commercial code. Governing equations have been solved iteratively. SST k-w turbulence model has been used
for solving turbulence equation. New engineering correlations have been gained from numerical calculations. In terms of the
thermal enhancement factor, a number of different baffle inclination angles have been evaluated in comparison with both one
another and a smooth duct. The results show that a steeper inclination angle of the baffle improves the heat transmission.
Pressure drop also rises as the baffle inclination angles become steeper. In all situations, the greatest thermal augmentation
factor is obtained at an inclination angle of 8 = 0.41 rad, while the least is obtained at an inclination angle of 8 = 0 rad.
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1 Introduction

Several methods have been used to improve heat transmis-
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in heat exchanger construction because they alter the local
heat transfer coefficient and flow field, leading to improved
heat transfer rate and lower pressure drop.

Researchers have been investigating on the impact of
ribs, baffles, and twisted tape on flow characteristics and
heat transfer in heat exchanger ducts for decades. For their
researches, Dutta and Dutta [1] used a rectangular duct with
a variety of different-sized and positioned inclined baffles.
Various baffles, both perforated and solid, are attached to
the duct. They looked for the duct’s best possible heat trans-
fer configuration. Salem et al. [2] analyzed the influence of
parameters of baffle characteristics such as open area ratio,
hole spacing ratio, and inclination angles in heat exchang-
ers having a double pipe with an experimental study. The
presence of a multi-V-perforated baffle in a rectangular duct
was tested experimentally by Kumar et al. [3]. They exam-
ined how changing the baffle’s relative width (from 1 to 6)
affected the heat transfer. They found that heat transfer mag-
nitude reaches the highest value at the relative width of the
baffle is 5. Experimental research on the heat transfer char-
acteristics of turbulent flow in a duct featuring inclined and
transverse twisted baffles on the bottom surface was con-
ducted by Eiamsa-ard et al. [4]. A comparison was made
between transverse and angled baffles, with the emphasis
being on the physical parameters. The horseshoe baffle, with
its variable pitch and height, was studied numerically and
experimentally by Skullong et al. [5] to determine its ideal
placement in a square duct heat exchanger. They noticed that
the smallest relative pitch and the biggest relative height
of the baffle show the best thermal performance. Qayoum
and Panigrahi [6] investigated the thermal performance of
smooth, split slit-ribbed, slit-ribbed, and solid-ribbed square
ducts for turbulent flow conditions. It was observed that split-
ribbed presents better heat transfer augmentation. Wang et al.
[7]looked at how heat exchangers’ thermal capacity changed
depending on the plate spacing and hole height of perfo-
rated baffles with four blades. According to their findings,
reducing the plate hole height and spacing increases the
pressure drop and the heat transfer coefficient while low-
ering the heat transfer coefficient per unit pressure losses.
Experiments were conducted by Ko and Annand [8] within a
rectangular duct with porous baffles attached to the upper and
lower walls. The results of the experiments were endorsed
by the literature. The duct-mounted porous baffle produced
heat transfer augmentation of 300% in comparison with the
duct having no baffle. Jadsadaratanachai et al. [9] performed
a numerical simulation in a circular duct-mounted 45°V-
baffle for determining flow and heat transfer features under
laminar flow conditions. They investigated the influence of
the blockage ratio in this study. According to Promvonge
[10], a square duct fitted with 30°V -fins and counter-twisted
tape improves heat transmission and flow characteristics. The
numerical investigation by Sripattanapipat and Promvonge
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[11] was conducted in a diamond-shaped and flat-baffled
two-dimensional duct. Using two-waisted triangular baffles
in a rectangular duct, Menni et al. [12] demonstrated the
heat transfer and flow properties of this configuration. It was
released that the variation of friction loss and Nusselt num-
ber (Nu) were the largest near the baffles resulting from a
powerful velocity gradient. Promvonge and Thianpong [13]
experimentally conducted a study to understand the effect of
the shape of the rib on heat and flow features in channels
exposed to constant heat flux on the surfaces. Three config-
urations of rib shapes (triangular, wedge, and rectangular)
were utilized for testing. They reached that the triangular
shape of the rib shows the best performance. Kelkar and
Patankar [14] carried out two-dimensional numerical simu-
lations of finned passages composed of two plates according
to heat transfer. They studied the effects of parameters
of Reynolds number, geometric variation of fin, and fin-
conductance. It was noticed that the flow is substantially
directed and intruded to the other plate and this phenomenon
enhances the heat transfer. To address the turbulent flow in a
square duct, Kamali and Binesh [15] created a computer code
with four possible rib forms, including triangles, squares,
trapezoids, and varying heights for the flow route. The out-
comes exhibited that the optimal thermal performance is
achieved by a trapezoidal rib design with diminishing height.
The heat transfer research of turbulent flow in square duct-
mounted V-baffles was also performed by Fawaz et al. [16].
The air was selected for working fluid. Influences of pitch
and blockage ratio of baffles on heat transfer features were
inspected. They get the result that the Nu increases with a
higher blockage ratio and lower pitch ratio. Debnath and
Pradhan [17] studied review of the literature on heat transfer
enhancement characteristics and material selection of shell
and coil tube heat exchangers. The effect of increasing con-
vective heat transport on the fluid—solid interface of a helical
coil was studied. It was proposed that the convective heat
transfer rate and the material selection for low-cost manufac-
turing with minimal dimensions may both be improved with
the help of some novel concepts. The influence of heat trans-
fer and chemical reaction on laminar fluid flow in a channel
with several obstructions was studied numerically by Masud
et al. [18]. COMSOL multi-physics software was used for
numerical simulation. The results showed that water break-
down is more pronounced around circular objects. When the
ratio of obstacle spacing increases, thermal breakdown of
the fluid decreases. Ibrahim et al. [19] performed a study
that used a two-phase model to examine the heat trans-
fer rate and flow of non-Newtonian water-carboxyl methyl
cellulose-based Al,O3 nanofluid in a helical heat exchanger
fitted with conventional and unique turbulators. This research
finds that replacing a basic smooth system with a unique
heat exchanger improves thermal characteristics by approx-
imately 210%, decreases hydraulic performance by about
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28%, and boosts the performance assessment criterion index
by about 57%. Based on the first and second principles of
thermodynamics with varying geometries, Ibrahim et al. [20]
conducted a numerical study that evaluated the forced con-
vection of nanofluid flow within a circular microtube with
twisted porous blocks in the presence of a uniform magnetic
field. In addition, further information can be obtained from
Refs. [16, 21-26].

To the author’s knowledge, and based on a survey of the
relevant literature, the thermal and hydrodynamic aspects of
flow in a duct having rectangular cross-section with baf-
fles having trapezoid-shaped at the bottom wall at varying
inclination angles have not been studied numerically under
turbulent flow condition, despite their relevance to a wide
range of thermal applications. The trapezoid-shaped baffle is
examined to see how its unique fabrication of the flow and
heat transfer properties in the periodically developed regime.
The goal of this study is to provide information about tur-
bulent convective heat transfer in ducts with a roughened
surface and a rectangular cross-section. The new-designed
baffles have been used for obtaining higher convection heat
transfer rates with lower pumping power requirements. This
phenomenon will also give fabricating more efficient or
smaller heat exchangers in the future. The flow chart of the
study is exhibited in Fig. 1.

2 Material and Methodology

The dimensions of the baffle, which is positioned on the
duct’s bottom and is formed like a trapezoid, are shown in
Fig. 2. The influence of the inclination angle of the baffle (8)
and flow condition is the primary focus of this investigation.
The greater the baffle inclination angle, the more noticeably
the flow resistance increases. A large baffle inclination angle
forces the most fluid to flow to the bottom wall, so this con-
dition increases the convective heat transfer in this region.
The baffle inclination angle has to be adjusted such that the
heat transmission and flow resistance are both minimized.
Obtaining the optimum baffle inclination angle is the aim of
his study.

On the test duct’s base plate, the flow-inclining baffles
have been spaced 15 mm apart in three arrays. Changing the
baffle’s downstream height by 4.5-, 6.0-, 7.5-, or 9.0 mm
results in 8 = 0.41 rad, 0.28 rad, 0.14 rad, and O rad, respec-
tively, controlling the baffle’s angular position. The front
baffle height has been kept constant at 9.0 mm. The baf-
fles are installed in the duct’s base plate. The bottom baffled
duct surface is kept at uniform temperature conditions.

In this research, a duct with a rectangular cross-section and
baffles installed on its bottom are modeled mathematically
for using in three-dimensional numerical simulations. The

working fluid is air. The 3D steady-state Newtonian incom-
pressible flow with negligible buoyancy effects and viscous
dissipation are marked as turbulent. It is supposed that the
thermophysical characteristics of air remain unchanged with
temperature. According to research done by Sparrow and Tao
[27], in a channel that is subject to periodic disturbances, the
fluid flow may reach a periodically fully developed regime
within just a few cycles from the channel’s entry. In this
regime, the mean heat transfer rates and the pressure drops for
each cycle are identical. Therefore, periodically fully devel-
oped regime is assumed in this study and, only the periodic
region is investigated in the numerical investigation (Fig. 3a).
The results of the experimental investigation that Arslan and
Onur [28] conducted provided the basis for determining the
size of the computational domains. Due to the symmetry that
exists between the axis plane and the flow field, only one-half
of the area has been taken into consideration for the compu-
tational domain. The x-axis describes the main direction of
motion.

A schematic diagram and the grid distribution of the
computational geometry are given in Fig. 3b. In the cur-
rent investigation, tetrahedral grids are constructed. Close
to duct and baffle surfaces, the number of grids is increased
to improve the accuracy and resolution.

Simulations are run to examine the transition to the turbu-
lent zones. Radiation effects are neglected in the solution of
the energy equation. Shear-Stress Transport (SST) k-o tur-
bulence model is used in the calculations. To calculate the
energy and Reynolds averaged Navier—Stokes equations for
turbulent flow, numerical analysis is combined with transport
equation analysis. In all of the computations, the average y*
value was chosen to be quite close to 1.0, which is sufficient
for adequately resolving the laminar sublayer.

In the process of doing the numerical computations, the
equations pertaining to momentum, continuity, energy, and
turbulence are all solved. In light of this, the equations of
continuity, momentum, and energy, as well as the SST k-w
turbulence model, can be described as follows [29]:

Continuity Equation:

iy (1

axj'

Momentum Equation:
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Fig. 1 Flow diagram of the study
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The constants used in the SST k-w turbulence model are
given below:

ok = 1176, 041 =2.0, 02 =10, o042=1168, a =031,
Bi1 =0.075, B =00828, of =10, o, =052, o =1/9,
BL =009, Rs=80, R,=60, R,=295 ¢*=15 (7)

Both the domain’s entrance (ABCD) and exit (EFGH) are
periodic boundary conditions. Instead of assuming a con-
stant pressure drop owing to the periodic flow condition, it is
assumed that the mass flow rate of air is constant. The mass
flow rate is taken corresponding to the Reynolds number in
the test duct. It has been thought that the air’s physical prop-
erties do not change substantially depending on the average
bulk temperature. On the bottom (ABFE) and baffle surfaces,
a no-slip boundary condition is used in addition to a tem-
perature along the walls that was uniform. On both the top
(DCGH) and side (BFGC) surfaces of the domain, an insu-
lated boundary condition is used. On the symmetry plane
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Fig.3 a Appearance of the periodic region; b grid distribution; ¢ boundary conditions of the computational domain

(AEHD), a boundary condition called symmetry is imposed.
Figure 3c illustrates all of the naming that has to be done for
the boundary conditions that are applied to the duct.

The computations are done using a steady segregated
solver with a second-order upwind approach. In order to dis-
cretize the pressure, the standard method is used. Discretizing
the pressure—velocity coupling, the SIMPLE algorithm is
also implemented. It is determined that there are no issues
with convergence. To achieve convergence, it is necessary
to repeatedly solve each equation involving energy, momen-
tum, mass, and turbulence until the value of the residual is
reduced to a value less than 1 x 107,

The grid independence investigation is carried out by
reducing the size of the grid until the percentage of vari-
ance in the Darcy friction factor (f) and the Nu for each of
the baffle designs is less than 1%. Figure 4 depicts the f and
Nu as a function of the grid number for a baffle design of 8
= 0.14 rad. It is obtained that there is no big change for grid
number of 210,238.

By averaging across the air flow in the duct, we can get
the convective heat transfer coefficient [30]:

Oc

AT T "

where T, (K) is the air bulk temperature, T, (K) is the surface
temperature, and A (m?) is the surface area. For a duct with a
rectangular cross-section, the hydraulic diameter is defined
as Dy, = 4A./P where A, (m2) is the cross-sectional area
and P (m) is the wetted perimeter. Convective heat transfer,
denoted by Q.. (W), is the process by which heat is transferred
from the bottom surface of the duct to the air that is passing
through the duct at a constant rate of air flow. It is obtained
from the equation given below:

Oc = pUAccp(Tho — Tpi) ©)

where Tp; (K) and T'p, (K) are bulk temperatures at the inlet
and outlet, ¢, (J/kg'K) is the specific heat of the air, U (m/s)
is the velocity of the air, and p (kg/m?) is the density of air.

For the purposes of defining Reynolds and Nus, the
hydraulic diameter is used as the defining characteristic
length.

U-D
Re = h (10)
v
h - Dy
Nu=— (11)

In Egs. (10) and (11), & (W/m K) is the thermal conduc-
tivity of air, and v (m?/s) is the kinematic viscosity of air.
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The Darcy friction factor (f) is one of the most important
measurements. Conventionally, the f along the channel is
written as a function of pressure drop and velocity, as shown
below.

;= AptD/L) 1)
pU*/2
In this equation, Ap (Pa) represents the pressure drop
along the duct, and L (m) represents the length of the duct.
The air thermophysical properties are taken from Bergman
et al. [30].

3 Results and Discussion

This work presents the results of a numerical investigation of
the fluid friction and convective heat transfer in a duct with
a rectangular cross-section and flow-inclined baffles posi-
tioned on the bottom wall and subjected to a turbulent flow
state. Both the f and Nu are provided as the numerical find-
ings.

The periodic boundary condition is a good place to begin
explaining the problem. Because of the periodic boundary
condition, the velocity profile is the same at the domain’s
entrance and exit [31]. For showing the repeating of the veloc-
ity profile at the inlet—outlet of the computational domain,
lines are created on the symmetry plane at the inlet—out-
let of the computational domain. Variation of the velocity
magnitudes with the dimensionless height of the duct (y/Dj,)
on these lines plotted as presented in Fig. 5a. The graphic
demonstrates that the velocity profile is the same at the
domain’s entrance and outflow. The temperature profile of
the fluid in the domain doesn’t repeat itself; however, the
dimensionless temperature profile, ®, repeats itself for con-
stant wall temperature boundary condition [30]. T\, (K) is
the surface temperature of the bottom wall of the duct, and
T, (K) is the mean bulk temperature of the air flow; hence,
dimensionless temperature profile is defined as ® = (T(x, y,
2)—TWI(Tp—T,,). It is seen in Fig. 5b, the ® also repeats
itself in the computational domain.

Figure 6a, b shows the Nu and f with changing
of Reynolds number, respectively, to facilitate numerical
research. Numerical results for smooth and baffled ducts can
be seen in these figures. With an increase in Reynolds num-
ber, the Nu rises, while the f falls. Increasing the baffle’s
inclination angle is found to enhance the f and the Nu. As
the inclination angle of the baffle is increased, heat transmis-
sion and friction are shown to rise significantly. As can be
seen in Fig. 6a, b, the Nu and the f indicate a rising trend
with an increasing baffle angle [5]. That’s because the fluid’s
dynamic pressure is being dissipated by the act of the reverse
flow and the increased surface area that results from it. The
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larger the inclination angle, the more fluid is captured and
sent down toward the duct’s base. That’s why it boosts the
heat transfer rate but increases the flow resistance. In addi-
tion, the friction factor and heat transmission rate are both
reduced in a smooth duct compared to a baffled duct.

Figure 6a, b show also the results of a comparison between
the numerical findings and experimental data [28] found in
the literature. There is a remarkable concordance between
numerical and experimental findings. The f and Nu are deter-
mined to be within 6% and 8%, respectively, of the numerical
values and the experimental data [28].

Finally, there is one simple empirical equation is obtained
which covered the whole baffle inclination angles for Nu and
f in Egs. (13) and (14), respectively.

Nu = (0.0548 + 0.05218)Re’® (13)

f =(13.91 +14.598)Re 0 (14)

Baffles have a substantial role in the enhancement of con-
vective heat transfer and pressure drop. In heat exchanger
design, enhancement of pressure drop is an undesirable con-
dition. Thus, the thermal enhancement factor, 7, is used to
understand which characteristic (hydrodynamic or thermal)
is superior. The thermal enhancement factor measures how
much more efficient heat transmission is with a wall-mounted
baffle compared to a flat surface [32]. If » > 1, thermal
characteristics are dominant, butif < 1, hydrodynamic char-
acteristics are dominant. The thermal enhancement factor is
obtained from Eq. (15)

Nu/Nu, (15)
nN=-—"13

f/f)'?
where f, and Nu, stand for the f and Nu for the smooth duct,
respectively.

Figure 7 depicts how the thermal enhancement factor
changes as a function of the Reynolds number, as a result
of the inclination angles of the baffles. It is clear from the
graph that the Reynolds number is not a key parameter as the
baffle inclination angle. The value of the thermal enhance-
ment factor reaches the highest value for 8 = 0.41 rad, while
ithas the lowest value for 8 = O rad for all Reynolds numbers.
The thermal performance of 8 = 0.41 rad is approximately
40% better than in case of 8 = 0 rad. Also, the thermal char-
acteristics of the duct with flow-inclined baffles are more
powerful compared to hydrodynamics characteristics due to
n>1.

Figure 8 displays the flow field velocity vector plot at Re
= 4000 for all baffle inclination angles. The flow is seen to
impinge on the duct’s bottom surface as the baffle’s inclina-
tion angle increases. Higher-inclination angled baffle designs
also produce secondary flow fields behind them. The thermal
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Fig.4 Grid number effects on the 120 120
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Fig.5 The inlet and outlet velocity a and dimensionless temperature b profiles of the computational domain

boundary layer is destroyed as a result of the higher flow cir-
culation, which causes larger turbulence intensity. These flow
fields enhance the convective heat transfer [33].

The temperature contours in the duct are presented in
Fig. 9 for different locations along the baffle geometry. It can
be obtained that the temperature magnitudes increase near
the bottom surface of the duct and the surface of the baf-
fles. The mixing sections form at the backside of the baffles.
Also, temperature magnitudes on the backside of the baffle
with higher inclination angles have higher values. This con-
dition increases the convective heat transfer. The results of
the study are in agreement with [34].

4 Conclusions

Turbulent flow in a horizontal duct having rectangular cross-
section with baffles inserted on the bottom surface at varied
inclination degrees is analyzed computationally for fluid fric-
tion and heat transfer. The Reynolds number ranges from 1
x 10 to 1 x 10%, and Pr is set to 0.7. The research presents
its findings in terms of mean values for the f and the Nu. For
both pressure drop and convective heat transfer, dimension-
less empirical relations have been derived. The numerical
findings are compared with experimental data found in the
literature, and it is found that the two sets of results are con-
sistent with one another. The findings obtained as a result of
the study are listed below:
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Fig. 6 Comparison of the Nu ()

(a) and f (b) as a function of the
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Nu increases with increasing flow rate for all cases.

e Increasing the Reynolds number results in a reduction in

the f inside the duct.

f and Nu increase with increasing the baffle inclination
angle.

The findings of the numerical solutions reveal a relation-
ship between the f and the Reynolds number across all
of the baffle inclination degrees. Also, the same type of
relationship is seen for the Nu and the Reynolds number.
Empirical relations are derived for variation of Nu and f
with Reynolds number and baffle inclination angle.

It is obtained that the thermal enhancement factor is great-
est for the 8 = 0.41 rad baffle inclination angle when
compared to the other baffle inclination angles.
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Fig. 8 The vector plots of velocity; a 8 = 0.41 rad, b  =0.28 rad, ¢ § = 0.14rad, d § = O rad
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Fig. 9 Contour plots of temperature; a 8 = 0.41 rad, b § = 0.28 rad, ¢ § =0.14 rad,d § = O rad
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