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In this study, inclined baffles are employed to enhance heat transfer in double-stepped
sudden expansion ducts by promoting the turbulent effect. Expansion ducts with various
baffle configurations are suggested and investigated numerically by using ANSYS Fluent
20 R2. The temperature distribution, pressure drop, and velocity profile of the flow field
in diverse cases are demonstrated to assess the effects of expansion ratio, baffle length, and
baffle angle on the heat transfer between air and ducts. Results indicate that utilizing the
baffles reduces the temperature gradient along the ducts, in which the corner temperature
decreases by about 20°C. The heat transfer is improved, as well as the expansion ratio
changes from 1.5-2 to 2—-3 because of larger and more intense vortices. Increasing the
baffle angle to 30° creates a region between the baffle and the corner as a jet that increases
the velocity of air and heat transfer. At baftle distance (S) =15 cm, the increment in average
Nu is 35.8% at baffle angle = 30° compared with the result at baffle angle = 0. Validation
of the computational results with previous research indicates good agreement with an error
range between 5.8% and 12.3% for the case without a baffle due to variations in test

conditions.

1. INTRODUCTION

Many engineering systems, such as industrial furnaces,
solar energy storage, and air conditioning, require efficient
design for convective heat transfer performance whilst
keeping a low pressure difference. Different techniques, such
as the utilization of nanofluids, porous media, and extrude
baffles, have been widely used to enhance heat transfer in
different applications [1-4]. For instance, many ways are
employed to enhance heat transfer in sudden expansion (SE)
ducts. These ways may be active or passive methods and can
be found in different thermal systems, such as combustion
chambers, power plants, heat exchangers, nuclear reactors, and
electronic devices [5]. In the SE configuration, flow separation
occurs, whilst recirculation flow results in proper heat transfer
performance near the steps of expansion [6-9]. Many
researchers have numerically and experimentally investigated
the factors affecting heat transfer and fluid flow in SE
configuration, such as expansion ratio (ER), Reynolds
number, step height, duct geometry (circular or rectangular),
and heating condition on SE surfaces (constant surface
temperature or constant heat flux) [10-13]. The improvement
of heat transfer performance depends on the increase in
turbulence phenomena; consequently, increasing the mixing
of fluid flow results in improved heat transfer, which can be
achieved using baffles [14, 15]. Baffles with a suitable size and
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location may be utilized as an effective technique for this
purpose.

Mushatet [16] numerically simulated forced convection in
an SE duct with multiple baffles mounted on its lower surface.
The effects of step height and baffle thickness on the thermal
and flow fields of the fluid domain were investigated.
Increasing Reynolds number and step height was determined
to increase heat transfer and decrease the recirculation region
size with reattachment length after the baffles. Heshmati et al.
[17] numerically investigated the forced convection heat
transfer in an SE duct with vertical baffles on the upper
surface. Solid and slotted baffles with two ERs (2, 3) were
utilized. The solid baffles with an ER of 2 achieved a 33%
higher skin friction rate and 63% higher Nusselt number. The
effects of baffle configurations such as shape, arrangement,
size, step, and number have been reported numerically by
Boruah et al. [18]. They indicated that the reattachment length
decreased with the employment of baffles, and an increase in
vortex size and the maximum local Nusselt number were
observed close to the baffles due to the abrupt drop in
temperature in this area. Meanwhile, a comparison of
oscillating and stationary fins installed on the top surface of an
SE duct was provided by Kumar and Vengadesan [19]. The
oscillating fin indicated a higher average Nusselt number and
lower pressure drop. Convective heat transfer through a 1:3
axisymmetric SE duct with and without baffles was
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numerically investigated by Saha et al. [20]. The value of the
average Nusselt number was found to be 1.11 and 1.2 times
for one and three baffles installed on the upper surface,
respectively, compared with that in the no-baffle case.

Algahtani et al. [21] evaluated the effect of the hole position
of a perforated baffle on the top surface of an SE duct. Tests
showed enhancements in heat transfer rate and flow pattern.
The main flow passed through the zone between the duct
surface and baftles, whilst the secondary flow was through
baffle holes, which led to well-developed recycling cells as
vortices. The best heat transfer rate was achieved in the case
with a baffle hole far from the SE surface.

The research reviewed above is concerned with single SE
ducts. However, in recent years, the focus has shifted to
stepped SE, which has been performed in the automotive and
marine industries [22, 23]. Wang et al. [22] numerically
investigated the characteristics of fluid flow in a stepped SE.
The ratio of distance between steps to step height was varied
from 0 to 10. As the ratio increased, the primary recirculation
region behind the two steps fully separated and reattached
before the step ends. Furthermore, the first step vortex had less
effect on the second step vortex. Oztop et al. [24] numerically
analysed the turbulent flow of air in a stepped SE duct with a
rectangular obstacle before the step to enhance heat transfer.
The parameters investigated were the obstacle ratio varied
between 0.25 to 1, and the step ratio, which ranged from 0.5 to
0.75. The highest Nusselt number was observed at an obstacle
ratio of 1. Increasing the step ratio increased vortices, resulting
in enhanced heat transfer. The same results were obtained by
Togun et al. [25] for a similar configuration but without
obstacles. Abdulrazzaq et al. [26] numerically studied
promoting heat transfer over stepped SE with three types of
working fluid, namely, water, ammonia, and ethylene glycol,
and varying ratios of the first step height to the second step
height of 0.5, 1, and 2. The simulation indicated that a higher
Reynolds number led to a higher Nusselt number. The local
Nusselt number was higher in cases 1 and 3 than in case 2 for
all fluids. Mohankumar and Prakash [27] numerically
investigated enhancing heat transfer along the corner zone of
a double-stepped SE duct by employing two obstacles located
in front of the step corner at Reynolds numbers ranging from
300 to 1000. The reattachment lengths after the first and
second steps decreased in the obstacle cases, resulting in an
enhanced local Nusselt number. Many related studies have
been conducted, which used different techniques to enhance
heat transfer in double-stepped SE, such as jet impingement
[28] and magnetic field [29]. Kanna et al. [30] numerically
studied the effects of the position and size of a circular cylinder
as an obstacle in a double forward facing step in laminar and
turbulent conditions. The results indicated that the Nusselt
number was enhanced when the obstacle was located near the
upper wall rather than the lower wall. Jahin et al. [31]
simulated the heat transfer of hybrid AlI203—Cu through
backward facing step heating with constant heat flux on the
lower surface. The Nusselt number increased with Reynolds
number (500-800) and volume fraction (0.01-0.04). Alsabery
et al. [32] numerically investigated enhancing heat transfer in
backward facing step in three ways: waving the lower step
surface, padding the wavy surface with porous media, and

using alumina nanoparticle fluid. The results showed that the
Nusselt number increased by 63% on the wavy surface
compared with that on the flat surface and by 6.3% when the
concentration of nanoparticles was varied from 0% to 4%.

Promising ways to improve heat transfer characteristics
through a duct include the use of multi-stepped SE geometries
with suitable baffles. This study aims to highlight the effects
of multi-stepped SE ducts with different inclined baffle
configurations associated with three main parameters, namely,
baffle length, angle, and location, as well as ER, on convective
heat transfer. Whereas previous studies focused on single-
stepped SE ducts with right-angled baffles. A simulation
model is developed to characterize the SE duct model using
two different ERs (1.5-2 and 2-3). The duct is provided with
two inclined baffles installed on its top surface. The patterns
of temperature distribution, pressure contour, and velocity
streamlines are analysed to study the influence of the baffle
configuration in comparison with that of an SE duct without a
baffle and identify the most effective design for heat transfer
augmentation.

2. NUMERICAL MODELING
2.1 Problem formulation

This numerical study utilized a geometric model that
involved a stepped SE duct with a thin baffle that had different
configurations of length, position, and angle. The design of the
model dimensions was based on a former study [8]. The duct
dimensions and general baffle configuration are shown in
Figure 1. The length, position, and angle of the baffle were
proposed to be suitable for to duct dimensions. The entrance
and top surface of the duct were thermally insulated, whilst the
bottom surface and steps were subjected to a constant heat flux
(q>> = 1500 W/m?). The two-dimensional model of the duct
had an upstream length (L) of 1000 mm for each step and an
entrance height (h) of 250 mm.

1000

Figure 1. Schematic of the SE duct (dimensions in mm)

The ER represents the ratio between the height of the duct
after expansion (downstream section) and the height before
expansion (upstream section). It characterizes the extent of
geometric enlargement in the flow domain and has a
significant influence on flow separation, recirculation
behavior, and overall heat transfer performance. The ER is
mathematically defined as:

For the first step: ER = Hi/h

And for the second step: ER = Hy/h

Two cases of ERs were investigated, as detailed in Table 1.

Table 1. Duct dimensions (in mm) for the two ER cases

ER h Hi H h; h2 L1 L2 S (variable)
1.5-2 250 375 500 125 125 175 233 150,250,350
2-3 250 500 750 250 250 233 350 150,250,350
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The effect of baffle angle (8) with values of 0°, 20°, and
30° was examined. The two-dimensional model of double-
stepped SE duct geometry was arranged using the Gambit
software.

2.2 Governing equations

The governing equations of the model rely on a two-
dimensional flow, considering air as a working fluid. This
study assumed a steady-state, incompressible, homogenous,
fully developed, and turbulent flow. The Navier—Stokes
equations govern the air flow and the heat transfer phenomena
in the duct domain. The continuity, momentum, and energy
equations were simulated and discretized using the standard k-
epsilon (k—¢) and SIMPLE algorithm, gathered with the finite
volume method. The governing equations are detailed as
follows [25, 27, 33].

Continuity equation:

u 8v_

—t—= 1
dx+dy 0 )

Momentum equations are formed in x and y axes, as below:

( ou N 8u) _ 0P N 0%u N 0%u 5
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The simulated turbulent flow was solved using k— model,
where k is the turbulent kinetic energy (m?s?), and ¢ is the
dissipation rate (m?/s*). The turbulent equations are displaced
below:
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The turbulent model constants are indicated in Table 2 [34].

Table 2. Turbulence model constants

C” Cl CZ O O
009 144 192 10 1.3

The boundary conditions of the duct model are listed as
follows:

At the inlet: U= U, v=0, T=T;,
At the outlet: P =Py, g—i =0

At the constant heat flux walls: u=v=0, q=q”
At the insulated walls: u=v=0, q=0

2.3 Numerical solution

In this study, ANSYS Fluent 20 R2 was utilised to simulate
an SE duct [35]. The mathematical solution of air flow and
heat transfer in the SE duct incorporating baffles was realised
through the following procedure:

1. A mesh grid was generated on a domain utilising a
mix of quadrat and tetrahedral elements for the SE
duct to capture good mesh quality. The SE domain
comprised 281041 nodes for ER = 1.5-2 and 374963
nodes for ER = 2-3. The stability and accuracy of the
solution were ensured by grid independence analysis.

2. The inlet boundary conditions were set with the
assumption of a uniform flow at a constant
temperature (300 K).

3. The governing equations were discretised using the
finite volume method and solved by organising the
stored scalars using integrated equations of each
element.

4. The pressure—velocity coupling equation was solved
by utilising the SIMPLE algorithm.

5. A residual value below 107 was set to ensure a
convergent numerical solution.

The considerations below are assumptions in the numerical
solution:

1. The working fluid is air, which is considered a
Newtonian fluid.

2. The flow is assumed to be turbulent, incompressible,
and steady-state.

3. The upper wall and duct inlet are modeled as
adiabatic walls.

3. RESULTS AND DISCUSSIONS

The behaviour of air flow in a double-stepped SE duct,
including the temperature gradient, pressure drop, and velocity
magnitude of the fluid domain, is investigated under different
ERs (1.5-2 and 2-3), baffle angles (0°, 20°, and 30°), and
baffle locations from steps (15, 25, and 35 c¢cm). All tests are
numerically modelled at fixed Re = 15000 and heat flux of
1500 W/m?2.

3.1 Effect of expansion ratio (without baffle)

The numerical results in Figure 2(A) are obtained in a duct
configuration without a baffle. The surface temperatures at the
corner of the SE duct are high because of air secondary
recirculation, which has low velocity at the corner of the SE
zone. The air temperature decreases as the step height
increases because the air flow becomes steady and uniform.
Increasing the ER may extend the recirculation region,
resulting in less heat transfer between the heated surface and
air. As shown in the figure, at ER = 2-3, when the step height
increases, the variation in fluid temperature extends along the
step length owing to large recirculation and separation that
reduce the local heat transfer intensity.

Figure 2(B) illustrates the velocity distribution at different
ERs. At ER = 1.5-2, the recirculation zone in the first step has
a height approximately equal to the step height, and its length
is 40% of the step length; meanwhile, the recirculation zone in
the second step is smaller than that in the first step with a
height about 80% of the step height, and its length is
approximately 20% of the step length. When ER = 2-3, the



intensity of the vortices is greater than that at ER = 1.5-2, the
recirculation zone height in the first step is equal to the step
height, and its length extends to about 95% of the step length.
In the second step, the recirculation height exceeds the step
height, and the recirculation region length is about 70% of the
step length.
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Figure 2. Channel without baffle for different expansion
ratios: (A)Thermal field contour, (B) velocity contour, and
(C) pressure contour

The pressure drop along the duct is demonstrated in Figure

2(C). As the cross-sectional area abruptly changes at the SE,
pressure loss in the downstream duct is noticed. At a constant
Reynolds number, the pressure loss increases as the ER
increases because of the enlarged recirculation region. The
pressure drop in the first step is higher than that in the second
step, and the length over which pressure recovery occurs
increases with higher ERs.

3.2 Effect of baffle angle

Figure 3 shows the temperature distribution, pressure drop,
and velocity distribution at ER = 2-3 and baffle location 15 cm
from steps (S = 15 cm) with varying baffle tilt angle (68 = 0°,
20°, 30°). The temperature distribution at a baffle angle of 0°
demonstrates that the first and second baffles steer air directly
towards the heated surface, which leads to increased heat
transfer and air temperature gradient more than those in the
case without baffles. When the baffle angle becomes 20° and
30°, the distance between the heated surface and baffles
creates a jet which increases the air velocity, consequently
improving heat transfer due to the increasing size of the vortex
structures.

The velocity distribution at 6 = 0° indicates an apparent
separation zone and a large vortex behind the baffle with a
high velocity zone of 1.8 m/s concentrated at the edge of the
baffle close to the heated surface in the first step. The
secondary recirculation zone is small compared with that
formed in the second step. At 6 = 20°, 30°, the velocity
distribution is similar to that at 6 = 0°, with the secondary
recirculation zone appearing at the corner of the first step and
behind the base of the second baffle. The maximum velocities
at 6 =20°, 30° are 2.8 and 3.6 m/s, respectively, which can be
attributed to the jet effect mentioned before. The pressure
contours at 6 = 0°, 20° and 30° illustrate an increase in
pressure drop at 6 = 30° of about 360% compared with that at
6 = 0° due to the high throttling effect resulting from the baffle
orientation.
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Figure 3. Channel with baffle at different angles, (ER = 2-3) and (S = 15 cm): (A) Thermal field contour, (B) velocity contour,
and (C) pressure contour
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Figure 5. Channel with baffle at different angles, (ER =2-3) and (S = 35 cm): (A) Thermal field contour, (B) velocity contour,
and (C) pressure contour

Figure 4 illustrates the temperature distribution, pressure The velocity distribution indicates some difference as S
drop, and velocity distribution at ER = 2-3 and baffle location changes from 15 cm to 25 cm in the second step, in which the
25 cm from steps (S =25 cm) with variations in baffle tilt angle recirculation zone expands and occupies the entire region. This
(6 = 0°, 20°, 30°). The temperature distribution is similar to phenomenon affects the convective heat transfer.
that at S = 15 cm, except in the second step region, where the The temperature distribution, velocity distribution, and
air temperature increases because the baffles steer air directly pressure drop when S = 35 cm are demonstrated in Figure 5.
into the heated surface with increasing air mixing and The effect of increasing S is evident in the second step,
turbulence. The pressure drop at S =25 cm is less than at S = demonstrating enhanced heat transfer and decreased
15 cm because the baffle-step distance increases, which temperature at the corner that prevents thermal stress in this
consequently minimizes the sudden contraction. By contrast, region. Moreover, the recirculation intensity is increased,
the baffles and steps form a sudden contraction at S = 15 cm whilst the pressure drop is decreased.

that leads to high pressure losses as air flows through the duct.
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Figure 6. Channel with baffle at different spacing, (ER = 2-3) and (6 = 0): (A) Thermal field contour, (B) velocity contour, and
(C) pressure contour

3.3 Effect of baffle spacing (S)

Figure 6 depicts the temperature gradient, pressure drop,
and streamlines of velocity for various baffle locations from
steps (S =15, 25, 35 cm) at a tilt angle of 0°. The temperature
distribution of air demonstrates that the best distance is 15 cm,
which leads to increasing air temperature whilst decreasing the
temperatures at both corners and along both steps of the SE
duct. The heat transfer level is rather dominated by vortex
configurations. Velocity streamlines indicate that as the
distance increases, the intensity of the recirculation region
downstream of the baffles decreases, and a secondary
recirculation zone appears.
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Figure 7. Channel with baffle at different Expansion ratios,
(S =25) and (6 = 0): (A) Thermal field contour, (B) velocity
contour, and (C) pressure contour
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3.4 Effect of expansion ratio (with baffle)

Figure 7 shows the performance of the air flow of the
double-stepped SE duct for baffle angle 6 = 0° and S = 25 cm
for two ERs = 1.5-2, 2-3. The temperature distributions for
both ER have similar patterns, whilst the heat transfer and
temperature gradients at both step corners are greater at ER =
1.5-2. The pressure drop is higher at ER = 2-3 because of the
considerable change in the cross-sectional area. A negative-
pressure region at recirculation zones is identified downstream
of the baffles and at the second corner. The velocity
distribution at ER = 1.5-2 illustrates that the recirculation zone
occupies the whole area between the two baffles; at ER = 2-3,
the vortex becomes smaller, and a secondary recirculation
zone appears behind the first baffle.

3.5 Heat transfer results

The local Nusselt number variation along the lower heated
wall of the double-stepped SE is demonstrated in Figure 8. For
both SE configurations, the maximum local Nusselt number
occurs after the recirculation zone at the attachment point
owing to the minimized effect of the boundary layer. As the
ER increases, the position of maximum Nu shifts downstream
from the sudden step location. Beyond this point, the Nusselt
number gradually decreases in the downstream direction due
to the development of the thermal boundary layer near the
wall. At the second expansion step, the Nusselt number
reaches a minimum, primarily due to the strong expansion,
which leads to increased local temperatures. As the ER
increases, the location of the peak Nusselt number shifts
further downstream from the step. This can be attributed to the
vortex effect. For ER = 1.5-2, the peak Nu positions are
approximately 0.7 m and 1.45 m from the first step, while for
ER = 2-3, they occur at around 0.82 m and 1.7 m. Local
Nusselt number variations downstream of expansion steps for
ER =2-3 and diverse baffle angles (0°, 20°, and 30°) and baffle
distances from steps (15, 25, and 35 ¢cm) are shown in Figure



9. For all the different parameters discussed, local Nusselt
number curves follow the same trends. The baffled SE duct
exhibits an augmented heat transfer compared with the duct
without baffles. The highest Nu value is determined at a
position closer to the expansion steps, as the recirculation zone
is destroyed by the main flow, which is directed by baffles into
the heated surface. The optimum heat transfer is observed at
the configuration of 8 =30°, S= 15 cm, and ER = 2-3 because
this configuration allows larger and more intense recirculation
zones. At X = 1.3 m, the Nusselt number for 6 = 30° and S =
15 cm is increased by about 71.9% and 19.5% compared with
those at 8 = 0°, 20°, respectively. This enhancement is
attributed to the strong mixing between the hot air close to the
wall and the colder flow, which is directed by the baffles and
generates strong vortices. Figure 10 compares the Nusselt
number for all configurations at a baffle position of S =25 cm.
At X = 1.3 m and 0 = 30°, the case with ER = 2—-3 shows an
~14% improvement in Nu compared with that at the same 6
with ER = 1.5-2 and an ~22.5% improvement compared with
that at the same ER with 6 = 0°.
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Figure 8. Local Nusselt number along the lower heated wall
at different expansion ratios (without baffle)

Figure 11 demonstrates a comparison of average Nusselt
numbers for all configurations. The influence of baffle
location at different baffle angles is highlighted in Figure
11(A). The comparison shows that the air jet has a slight effect
on average Nu for cases with a baffle distance of more than 15
cm because of the increased cross-sectional area between
corners and baffle edges. Moreover, the average Nu is rather

unaffected by an increase in baffle angle to more than 20° for
the same previous reason. By contrast, the baffle angle
considerably influences the average Nu at S = 15 mm because
of the jet effect of air flow. Figure 11(B) shows the effect of
ER for the cases without and with a baffle at different angles.
The average Nu is greatly improved with the addition of
baffles owing to vortex formation, whilst it is slightly affected
by the increase in angle because of the enlarged distance
between step corners and baffle edges. Furthermore, the figure
demonstrates increased average Nu with increasing ER. This
result can be attributed to the larger size and intensity of
vortices shown in Figure 7, as previously explained in the
related section.
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4. VALIDATION WITH PREVIOUS RESEARCH

The simulated model is validated through comparison with
a previous work [8], which was conducted under
approximating conditions. The basic parameter used for
comparison is the local Nusselt number along the duct length
(X). Figure 12 compares the results from the present study and
the previous work for ER =2 without baffles. This comparison
indicates good agreement with an error range between 5.8%
and 12.3%. The variance between the results can be ascribed
to the test conditions that affect the flow performance, such as
air flow rate and applied heat flux. The increase in the
difference between the symmetrical results with increasing
distance X is attributed to the cumulative effect of the
dissimilarity of some operating conditions.
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Figure 12. Comparison of present results with previous work
at ER = 2 without baffles
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5. CONCLUSIONS

The numerical simulation in this work was conducted by
utilizing ANSYS Fluent to investigate the heat transfer of air
flow through a double-stepped SE duct incorporating two
baffles on the top surface. The numerical simulation was
performed under different angles, positions, and lengths of
thin baffles employed to generate vortices and enhance the
convective heat transfer. The simulation results were
compared with those from a previous work to ensure
validation. The following conclusions were drawn:

1. The addition of baffles decreases the temperature gradient
along the duct, where the corner temperature decreases by
about 20°C.

2. Increasing the ER leads to enhanced heat transfer for all
the considered configurations, which consequently increases
the fluid temperature in the SE duct because of larger and more
intense vortices.

3. Increasing the baffle angle to 30° creates a region
between baffles and corners as a jet that increases the air
velocity and enhances the heat transfer.

4. The temperature distribution of air demonstrates that the
best distance (S) is 15 cm. This finding is explained through
the velocity streamline, in which setting S = 15 cm increases
the size and intensity of vortices. On the contrary, these
vortices are larger but with less intensity when S =25 cm.

5. The comparisons between the present simulation and
previous work results reveal good agreement with an error
range between 5.8% and 12.3% for the case without a baffle
due to test conditions.

6. Analysis of double-stepped SE ducts with holed baffles
for heat transfer enhancement is recommended.
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