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Efficient thermal management in internal flow systems is critical for enhancing
heat exchanger performance. This study investigates how variations in baffle in-
clination and flow rate affect flow behavior and heat transfer within a 3-D channel
equipped with inverted L-shaped baffles. The flow is modeled under steady, lami-
nar conditions with water as the working fluid. Results show that increasing flow
velocity and adjusting baffle orientation generate complex 3-D flow structures,
including vortex formation and secondary flows, which enhance fluid mixing and
disrupt thermal boundary-layers. These effects lead to significant improvements
in heat transfer, with the highest average heat transfer coefficient observed at the
combination of greatest flow velocity and optimized baffle configuration, achieving
up to 80% enhancement compared to less favorable set-ups. The findings demon-
strate the synergistic influence of flow dynamics and baffle geometry in maximizing
convective heat transfer, providing valuable insights for the design of more effi-
cient thermal management systems.

Key words: baffle inclination angle, momentum transport, numerical simulation,
convective heat transfer, secondary flow structures

Introduction

Baffle insertion is a proven passive technique for enhancing convective heat transfer
in flow systems by disrupting thermal boundary-layers and promoting fluid mixing, thereby
improving overall thermal performance. Numerous studies have demonstrated that the thermal
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performance of baffled channels depends strongly on the geometry, orientation, spacing, flexi-
bility, and material properties of the baffles. For instance, Yuan et al. [1] examined the perfor-
mance of U-tube, S-channel, and baffle-guided solar collectors, revealing the significant role
of flow guiding structures in boosting forced convection efficiency. Similarly, Sripattanapipat
et al. [2] investigated V-shaped tapered baffles and their influence on turbulent flow topology
and thermal mechanisms, while Salhi et al. [3] performed a 3-D analysis of corrugated channels
embedded with baffles, achieving optimized thermohydraulic performance.

Inclined and perforated baffles were studied by Zhan et al. [4], who highlighted the
impact of perforation patterns on pressure drop and heat transfer characteristics. Jamal ez al. [5]
explored variations in baffle length and placement, identifying optimal configurations for solar
air channels. The innovative use of tilted grater-like baffles in two-pass channels was presented
by Chang and Huang [6], who observed improvements in aerothermal behavior under different
inclination angles. Alsabery et al. [7] introduced flexible baffles, offering a dynamic solution
optimize local cooling performance for hot blocks in horizontal ducts.

The integration of inlet baffle structures was assessed by Du et al. [8] to counteract
flow maldistribution and thermal non-uniformity in regenerative cooling applications. In pho-
tovoltaic systems, Lima-Tellez et al. [9] numerically evaluated the synergistic effect of baftles
and nanofluids, emphasizing the enhancement of cooling uniformity. Jamal et al. [10] also
demonstrated the value of novel-shaped baffles in managing turbulent heat transfer in solar air
channels.

Hybrid and nanofluid applications in baffled geometries were further advanced by
Ahamed et al. [11], who employed hybrid nanofluids in corrugated channels with E-shaped
baffles, and Bouzennada et al. [12], who simulated heat transfer in micro-channels with elastic
baffles. Discrete XV-shaped baffles were studied by Boonloi and Jedsadaratanachai [13], pro-
viding insights into laminar air-flow behavior and heat transfer optimization.

Beyond shape, Thanh [14] applied numerical and statistical methods (Taguchi anal-
ysis) to assess baffled channels for hot surface cooling. Phila et al. [15] examined the effect
of notches on baffle performance, revealing enhanced flow channel interaction. Darbari and
Ayani [16] implemented a two-phase Eulerian-Lagrangian model to capture the heat transfer
and deposition behavior of nanofluids in baffled ducts, while Eiamsa-ard et al. [17] focused on
aerothermal performance using perforated baffles in both experimental and numerical contexts.

Further experimental and numerical work by Eiamsa-ard et al. [18] elaborated on
heat transfer distribution in perforated baffle channels. Mahmoud et al. [19] integrated ANN
to evaluate the impact of hollow trapezoidal baffles on thermal-hydraulic behavior. Similarly,
Feng et al. [20] conducted friction factor and heat transfer evaluations in triangular channels
with trapezoidal baftles.

Promvonge and Skullong [21] enhanced the performance of solar receiver channels
using flapped V-baftles, showing how localized flow disturbance improves convective efficien-
cy. Hinged semi-circular baffles were proposed by Eiamsa-ard et al. [22], emphasizing their
role in adaptive thermal control. El Habet et al. [23] assessed the combined effect of staggered
and tilted perforated baffles, while Xu et al. [24] applied CFD-DEM modelling to explore flu-
id—particle dynamics in deduster channels with baffles.

This study investigates the combined effect of flow rate and baffle inclination angle
on the hydrodynamic and thermal behavior of a 3-D rectangular channel with inclined inverted
L-shaped obstacles. The hydrodynamic performance is assessed through detailed analysis of
the velocity field, while the thermal performance is evaluated using both local and average heat
transfer coefficients (HTC). By exploring a range of Reynolds number numbers and inclination
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angles, the study aims to identify configurations that enhance flow structure and optimize con-
vective heat transfer in channel-based thermal systems.

Geometric configuration and problem description

The investigated geometry consists of a 3-D rectangular channel engineered with em-
bedded inverted L-shaped baffles inclined at angles of 30°, 45°, and 60°. These baftles are
strategically affixed to both the top and bottom walls, while additional elements are placed
along the channel’s mid-height to enhance internal mixing and disrupt thermal stratification.
This multi-level arrangement is purposefully designed to generate complex flow structures and
augment surface heat transfer. The complete configuration, highlighting the spatial distribution
and orientation of the baffles within the channel, is presented in fig. 1.

Figure 1. Flow domain with upper, lower, and central baffles

The inverted L-shaped baffles are designed to periodically disrupt the thermal and
velocity boundary-layers. Their strategic placement and varying inclinations enhance the devel-
opment of secondary flows, increase fluid-wall contact, and promote convective mixing near
the heated surfaces, which are critical for improving heat transfer.

In this study, water serves as the working medium, characterized as an incompressible
Newtonian fluid with uniform thermophysical properties. The flow regime is considered steady
and laminar throughout the domain. Body forces, radiation, and buoyancy effects are neglected
to isolate the influence of flow rate and baffle orientation on heat transfer behavior.

The fluid-flow and heat transfer within the computational domain are governed by
the fundamental conservation laws of mass, momentum, and energy. Applying the previously
stated assumptions, these governing equations are expressed in Cartesian co-ordinates.

Continuity equation:

Ou 0Ov oOw _

—+—+—=0
ox oy Oz M
Navier-Stokes equation in the x-direction:
ou  ou  ou op o’u *u d%u
plu—+v—+w— |=——+ | —+—+— (2)
ox 0Oy oz Ox ot ot o

Navier-Stokes equation in the y-direction:

oy o ot o



Ikumapayi, O. M., et al.: Analysis of Velocity Fields and Heat Transfer ...
3204 THERMAL SCIENCE: Year 2025, Vol. 29, No. 4B, pp. 3201-3209

Navier-Stokes equation in the z-direction:
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where u, v, and w are velocity components, p — the pressure, p — the density, u — theviscosity,
k — the thermal conductivity, and C, — the specific heat at constant pressure, are solved using the
finite element method to accurately capture fluid-flow and heat transfer.

The computational model employs clearly defined hydrodynamic and thermal bound-
ary conditions to simulate realistic flow and heat transfer behavior. At the inlet, a uniform
velocity distribution and a constant fluid temperature are imposed to initiate a fully controlled
flow regime. The outlet boundary is set to a zero-gradient condition for all variables, with the
pressure fixed at atmospheric level, allowing the flow to exit freely without artificial distur-
bances. Along the channel walls, distinct thermal boundary conditions are applied. The lower
wall serves as the heated surface and is subjected to no-slip and isothermal conditions, main-
tained at a constant temperature of 180 °C, thereby providing a continuous heat source to the
fluid. In contrast, the upper wall is treated as no-slip and adiabatic, ensuring that while viscous
interactions with the flow are captured, no heat transfer occurs across this boundary.

Results and discussion

A grid dependency analysis was performed to assess the sensitivity of the numeri-
cal results to mesh refinement and to identify an optimal mesh density that ensures accuracy
without incurring excessive computational cost. Table 1 presents the average HTC and average
Nusselt number for five progressively refined grids, ranging from 291836-1772164 elements.

Table 1. Mesh density impact on heat transfer characteristics
at 60° inclination and Re = 600

Mesh elements Average HTC [Wm?K'] Average Nusselt number
291836 901.25 194.00
507000 941.16 245.58
871516 951.37 284.35
1485285 994.20 323.32
1772164 994.75 324.27

The results demonstrate a clear trend, both the average HTC and the Nusselt number
increase with finer mesh resolution. The most notable variations occur between the coarsest
grids. For instance, the Nusselt number increases from 194.00 for the 291836-element mesh
to 284.35 for the 871516-element mesh, a significant jump indicating under-resolution in the
coarser grids. However, as the grid is further refined beyond approximately 1.48 million el-
ements, the changes in results become negligible. The difference in average HTC between
the 1485285-clement and 1772164-clement grids is only 0.55 W/m?K, and the corresponding
increase in Nusselt number is just 0.95, representing a relative difference of approximately
0.3%. This small variation confirms that the solution has nearly reached grid independence.
Considering the trade-off between computational efficiency and solution accuracy, the mesh
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and Cimbala [25], expressed: theoretical pressure drop in a smooth channel
Ap = 32% (6)

D?
where L is the channel length, V,,, — the average velocity, and D — the hydraulic diameter. The
comparison reveals a good agreement between the present numerical results and the theoretical
solution, confirming the accuracy and reliability of the computational model for predicting
laminar flow pressure losses in smooth channels.

Figure 3 presents a comparative visualization of the velocity field within a channel
equipped with inverted L-shaped baffles inclined at 30°, 45°, and 60°. The velocity field is il-
lustrated for two distinct flow regimes: a low Reynolds number of 20, as shown in fig. 3(a), and
a higher Reynolds number of 600, as shown in fig. 3(b).

Streamline: velocity field - Re = 20 Streamline: velocity field - Re = 600
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Figure 3. Velocity distributions at; (a) Re =20 and (b) Re = 600 with varying inclination angles

In fig. 3(a), corresponding to a Reynolds number of 20, the flow is dominated by
viscous forces, and the velocity field remains largely stable and coherent. At a baffle in-
clination of 30°, the streamlines are mostly aligned in the streamwise direction, indicating
minimal flow disturbance and weak re-circulation. The interaction between the fluid and the
baffles is limited to localized regions near the baffle tips, and the core flow remains largely
unaffected. As the baffle inclination increases to 45°, the flow exhibits stronger deviations
from the axial direction, with moderate re-circulation zones forming downstream of the baf-
fles. The increased angle introduces more pronounced streamline curvature and induces sec-
ondary flows that begin to extend deeper into the channel cross-section. When the inclination
reaches 60°, the velocity field becomes significantly more disrupted. Large re-circulation
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regions are visible behind the baffles, and the streamlines display strong deflection and swirl-
ing motion. The peak velocities are highest in this configuration, indicating enhanced flow
acceleration around the baffle edges and improved interaction with the heated wall. These
observations suggest that at low Reynolds numbers, increasing the baffle angle promotes
stronger flow redirection and mixing, although the extent of disruption remains constrained
by the dominance of viscous effects.

In contrast, fig. 3(b) illustrates the velocity field at a Reynolds number of 600, where
inertial effects dominate and the flow structure becomes significantly more complex and 3-D.
At a baffle inclination of 30°, the streamlines begin to deviate and exhibit signs of re-circula-
tion, particularly in the wake regions behind the baffles. However, the overall flow disruption
remains modest, and the core flow retains a relatively strong alignment along the axial direc-
tion of the channel. As the baffle inclination increases to 45°, the velocity field demonstrates a
substantial increase in flow complexity. Multiple vortex structures emerge downstream of the
baffles, and the interaction between adjacent flow layers intensifies. The inclusion of centrally
positioned baffles further contributes to the development of cross-stream motion and vertical
flow redistribution. This leads to more uniform mixing throughout the channel height and en-
hances the penetration of high momentum fluid into near-wall regions. At an inclination of
60°, the flow undergoes the most pronounced transformation. The streamlines display chaotic,
swirling patterns and the formation of large, coherent vortical structures becomes evident. Flow
impingement on the heated walls and reattachment downstream emerge as dominant features,
indicating the generation of strong secondary flows. In this configuration, the velocity magni-
tudes reach their peak values, confirming a significant enhancement in momentum transport
and convective mixing.

Comparing figs. 3(a) and 3(b), it is evident that both the Reynolds number and the
baffle inclination play critical roles in shaping the velocity field. At lower Reynolds numbers,
the flow remains largely laminar with localized enhancements near the baffles. As the Reynolds
number increases, the flow becomes increasingly energetic and 3-D, with the baffle geometry
exerting a greater influence on flow separation and re-circulation. The 60° configuration con-
sistently shows the highest level of flow disruption and secondary flow formation across both
flow regimes. These characteristics are beneficial for convective heat transfer, as they promote
stronger wall-fluid interactions and periodic boundary-layer renewal. The increased flow dis-
turbance and enhanced mixing observed in the 60° cases suggest a superior capacity for thermal
performance, a conclusion further supported by the heat transfer data presented in figs. 4 and 5.

Figure 4 illustrates the influence of flow rate, represented by Reynolds number, and
baffle inclination angle on the local HTC distribution along the channel length. The results
highlight a clear dependency of thermal performance on both parameters. At a low Reynolds
number of 20, as shown in fig. 4(a), where the flow is strongly governed by viscous forces, the
overall enhancement in heat transfer is modest across all inclination angles. The 30° baffles
generate only mild undulations in the local HTC, reflecting limited disruption of the thermal
boundary-layer. Increasing the inclination 45° leads to more distinct periodic peaks, indicating
localized enhancement caused by moderate flow separation and reattachment. The 60° incli-
nation results in more pronounced peaks even at this low flow rate, suggesting that steeper
baffles are more effective in disturbing the boundary-layer and promoting localized convective
exchange. However, the overall impact remains constrained due to the low inertial energy of
the flow.

As the Reynolds number increases to 600, as reported in fig. 4(b), the effect of flow
inertia becomes dominant, amplifying the influence of baffle geometry. At this higher flow
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Figure 4. Local HTC along the channel at; (a) Re =20 and (b) Re = 600 for various inclinations

rate, the 30° configuration exhibits moderate heat transfer enhancement, while the 45° angle
produces significantly higher and more frequent peaks in the local HTC, driven by stronger
vortex formation and improved fluid-wall interaction. The most substantial enhancement is
observed with the 60° baffles, which generate sharp, periodic spikes in the heat transfer profile
due to vigorous secondary flows, vortex impingement, and repeated disruption of the thermal
boundary-layer. These findings demonstrate that increasing the flow rate enhances the overall
convective performance, but the degree of enhancement is strongly dependent on the inclina-
tion angle. Baffles with greater inclination angles consistently outperform shallower ones, par-
ticularly under high Reynolds number conditions, where the combined effect of flow momen-
tum and geometric forcing leads to intensified mixing, boundary-layer thinning, and ultimately
superior heat transfer characteristics.

At a low Reynolds number of 20, as
shown in fig. 5, increasing the baffle inclination
from 30° (54.29 W/m?K) to 60° (84.24 W/m*K)
improves the average HTC by about 55%. As
the Reynolds number increases from 20-600,
the average HTC rises dramatically across all
inclinations: from 54.29-550.64 W/m?K at 30°
(an increase of approximately 915%), from
79.71-923.70 W/m?K at 45° (about 1058%),
and from 84.24-994.07 W/m?K at 60° (near- ‘ ‘ ‘
ly 1080%). At the highest Re number of 600, 0 100 0300 A0 00, %0
increasing the baffle angle from 30-60° boosts  Figure 5. Average HTC for various baffle
the average HTC by around 80%. These values  inclination angles and Reynolds numbers
clearly indicate that the combination of high flow rate and steep baffle inclination produces the
optimal heat transfer performance.
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Conclusion

The numerical investigation confirms that both Reynolds number and baffle inclina-
tion angle play crucial roles in shaping flow dynamics and thermal performance within baffled
rectangular channels. Increasing Reynolds number from 20-600 substantially enhances the av-
erage HTC due to strengthened inertial forces, flow mixing, and boundary-layer disruption.
Among the tested geometries, baffles inclined at 60° consistently provide superior average
HTC, outperforming 45° and 30° inclinations by up to 80% at higher flow rates. Velocity field
analyses demonstrate that higher inclinations and flow rates promote complex 3-D vortices and
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secondary flows, which are responsible for improved convective mixing near heated surfaces.
The optimal configuration identified at Re = 600 and 60° inclination achieves the highest av-
erage HTC of approximately 994.07 W/m?K, underscoring the effectiveness of steep baftles
combined with high flow momentum. This study highlights the importance of carefully tuning
baffle geometry and flow conditions to maximize heat exchanger efficiency, providing practical
guidelines for engineering applications requiring enhanced heat transfer.
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