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This study numerically investigates the influence of obstacle inclination and flow
rate on the convective heat transfer performance in a 3-D rectangular channel
equipped with periodically arranged inverted L-shaped obstacles. Using the finite
element method, simulations were conducted for laminar flow conditions across a
range of Reynolds numbers (Re = 20-600) and obstacle inclination angles (30°,
45° and 60°). Water was used as the working fluid, and thermal enhancement
was evaluated using temperature contours, local Nusselt number distributions,
and average Nusselt values. Results reveal that increasing both Reynolds num-
ber and obstacle inclination significantly enhances thermal performance. The 60°
configuration consistently yielded the highest local and average Nusselt numbers,
with up to 99.5% improvement over the 30° case at Re = 600. Temperature fields
confirmed enhanced vortex formation, mixing, and wall impingement in steeper
geometries. This study highlights the potential of obstacle inclination as a passive
enhancement technique in compact thermal systems operating under laminar flow
conditions.
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Introduction

Improving convective heat transfer in internal flows is essential for advancing thermal
systems like compact heat exchangers and solar collectors. Among passive methods, inserting
obstacles into the flow path stands out for its simplicity and effectiveness. By disrupting bound-
ary-layers, generating vortices, and promoting fluid mixing, these obstacles, ranging from basic
geometries to porous and magnetically influenced structures, significantly boost thermal per-
formance without requiring additional energy input [1]. Numerous studies have examined this
approach using both experimental and numerical methods. Moradi and D’Orazio [2] applied
the lattice Boltzmann method (LBM) to analyze the role of obstacle size and arrangement
in porous channels, while Mohankumar and Prakash [3] investigated elliptical obstacles in
stepped geometries. The influence of fluid rheology was addressed by Nitin and Chhabra [4]
for power-law fluids flowing past rectangular obstacles. In mini-channel and micro-channel
configurations, Hameed et al. [5] evaluated the thermal and hydraulic performance of serpen-
tine channels with embedded obstacles under laminar flow, while Akbari et al. [6] and Alshukri
et al. [7] demonstrated the heat transfer enhancement effects of structured and staggered ob-
stacles using nanofluids in turbulent and two-phase flow conditions. Ghoulam et al. [8] ex-
amined detached obstacles in ducts, and Akhter et al. [9] studied entropy generation in po-
rous-wavy channels with triangular blocks under magnetic fields. Yaseen et al. [10] and Ren
et al. [11] explored the sensitivity of obstacle location and thermal conductivity in enclosures
and solar chimneys, respectively, while Khan et al. [12] analyzed MHD and Joule heating
effects on cylindrical obstacles. Optimization and design of porous arrays were addressed by
Mirahsani et al. [13], and mist cooling over obstacles was simulated by Pakhomov [14]. Fur-
ther, Han et al. [15] examined unilateral obstruction length in micro-channels, and Barman
and Dash [16] evaluated obstacle position in stepped turbulent channels. The MHD effects
were studied by Tassone et al. [17], and rarefied gas dynamics were modeled by Hammid
et al. [18] using LBM. Conjugate heat transfer involving wall-mounted obstacles was presented
by Pirouz et al. [19], and conductive L-shaped obstacles under magnetic fields were examined
by Selimefendigil and Oztop [20]. Applications in solar thermal systems have also benefited
from obstacle-based enhancements. Salmi et al. [21], Maouedj et al. [22], and Menni et al. [23]
investigated vortex generators and baffles in solar channels, while Chamkha et al. [24] and
Medjahed et al. [25] focused on thermal performance improvements using S-shaped fins and
staggered 7-shaped baffles. Overall, these studies confirm that strategically placed obstacles,
regardless of geometry, material, or scale, significantly enhance heat transfer in internal flow
systems across a wide range of configurations and operating conditions.

Improving heat transfer in laminar channels is essential for efficient thermal system
design. Inverted L-shaped obstacles are effective passive elements. However, the influence of
their inclination angle on heat transfer and fluid-flow remains underexplored. This study exam-
ines how varying the inclination of these obstacles affects thermal and hydraulic performance,
with the goal of identifying configurations that enhance heat transfer while limiting flow resis-
tance.

Mathematical and numerical modelling

The computational domain consists of a 3-D rectangular channel with periodically ar-
ranged inverted L-shaped obstacles inclined at different angles (30°, 45°, and 60°), as illustrated
in fig. 1. The obstacles are attached to both the upper and lower channel walls, and additional
central obstacles are placed within the flow passage. The working fluid is water, modeled as an
incompressible, Newtonian fluid with constant thermophysical properties. The flow is assumed
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to be steady and laminar, with no body forces, radiation, or buoyancy effects considered. Heat
transfer occurs through forced convection, and the channel walls are assumed to be solid and
stationary.
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Figure 1. The 3-D channel with inclined inverted L-shaped obstacles on both walls

The conservation equations for mass, momentum, and energy govern the behavior
of the fluid-flow and heat transfer in the domain. These equations, under the aforementioned
assumptions, are given in Cartesian co-ordinates.

Continuity equation:

Vi=0 (1)
Momentum equation:
p(iV)i=-Vp+uv’i ()
Energy equation:
pC, (WVT)=kV°T (3)

where @ = (u, v, w) is the velocity vector in the x-, y-, and z-directions, p — the pressure,
p — the fluid density, 4 — the dynamic viscosity, C, — the specific heat capacity, and k — the ther-
mal conductivity of water. The boundary condltlons applied to the computational domain are
as follows and are illustrated in fig. 2. At the inlet, a uniform velocity profile is imposed along
with a constant inlet temperature. The outlet is treated with a zero-gradient condition for all va-
riables, and the pressure is set to atmospheric (gauge pressure = 0). The lower wall is subjected
to no-slip and isothermal boundary conditions, representing a constant-temperature surface.
In contrast, the upper wall is treated as no-slip and adiabatic, indicating that no heat exchange
occurs across this surface.

Water Aluminum

Inlet Outlet

T,=180°C

Figure 2. Boundary conditions applied to the 3-D computational domain

The computational mesh for the 3-D channel with inclined inverted L-shaped obsta-
cles is a hybrid unstructured grid consisting of 1485285 elements, including 1291773 tetrahe-
dral and 193512 prismatic cells. Surface discretization uses 107467 triangular and 276 quadri-
lateral elements. Prismatic layers near the walls enhance boundary-layer resolution. The mesh
shows good overall quality (average 0.6795), though a minimum quality of 0.01356 suggests
localized refinement issues. This fine mesh, illustrated in fig. 3, ensures accurate capture of
flow and thermal gradients around the complex geometry.

The governing equations are solved using the finite element method. Convergence
criteria are set to 107 for the continuity and momentum equations, and 10® for the energy
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Figure 3. Hybrid unstructured mesh for the domain
with inclined inverted L-shaped obstacles
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Figure 4. Velocity profile validation at scribed by Comolet [26], as illustrated in fig.
Reynolds numbers 60, 100, and 200 4 for Reynolds numbers of 60, 100, and 200.

This confirms the model’s ability to capture fundamental laminar flow behavior and establishes
confidence in its application more complex configurations.

Results and discussion

Figure 5 provides a visual representation of temperature fields within the 3-D channel
for three obstacle inclination angles (30°, 45°, and 60°) at Reynolds numbers of 20, 100, and
600. The temperature contours clearly reveal how obstacle inclination and flow rate interact
to shape the thermal behavior and influence heat transfer effectiveness along the heated lower
wall.

At Re =20, where the flow is in the laminar regime, all three inclination cases exhibit
broad thermal boundary-layers and smooth temperature gradients. Among them, the configura-
tion with a 30° inclination shows more effective distribution of cooler fluid toward the heated
lower wall. As illustrated in fig. 5(a), this is reflected in more uniform temperature contours
near the wall and reduced thermal stagnation behind the obstacles. The gentler inclination al-
lows the fluid to pass with minimal separation while still disturbing the boundary-layer enough
to promote moderate heat transfer, offering an optimal balance for low flow scenarios.
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As the flow rate increases to Re = 100, the role of convective transport becomes
more dominant, and the influence of obstacle inclination becomes more evident. As shown in
fig. 5(b), the 45° inclined obstacles exhibit enhanced heat removal, marked by stronger fluid
mixing and sharper thermal gradients along the heated lower wall. Vortex formation around the
inclined edges significantly boosts local convection, particularly just downstream of the obsta-
cles. In contrast, the 30° inclination begins to exhibit thermal accumulation due to insufficient
flow disturbance, while the 60° case generates larger re-circulation zones that reduce effective
thermal contact and limit downstream cooling efficiency.

At the highest flow rate of Re = 600, convective heat transfer becomes dominant, re-
sulting in thin thermal boundary-layers and sharply defined temperature contours. As illustrated
in fig. 5(c), the 60° inclination proves most effective in this regime. The steeper angle intro-
duces greater flow disruption, generating vigorous vortex activity and strong wall impingement
that markedly reduce surface temperatures and enhance overall heat removal. The temperature
fields reveal deeper penetration of cooler fluid along the channel length with minimal thermal
layering compared to the lower inclination cases. This indicates intensified fluid-wall interac-
tion and more efficient utilization of the heated surface for convective heat dissipation.

Temperature at Re = 20

Temperature at Re = 100

Case 1:30° Case 1:30°

Case 1:45° Case 1:45°

Case 1: 60 Case 1:60°

(@) (b)

Temperature at Re = 600

Case 1:30°

Case 1:45°

Figure 5. Temperature contours at;
(a) Re =20, (b) Re =100, and
(c) Re = 600 for various inclinations

Case 1:60°
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The distribution of the local Nusselt number provides insight into the spatial heat
transfer behavior along the heated wall, reflecting how the flow interacts with the periodical-
ly arranged inverted L-shaped obstacles. As illustrated in fig. 6, across all Reynolds numbers
(Re =20, 100, and 600), the local Nusselt number exhibits a clear periodic pattern. Each peak
corresponds to the presence of an obstacle, where flow separation, vortex formation, and wall
impingement enhance local heat transfer. A prominent inlet effect is observed in all cases, char-
acterized by a high Nusselt number at the channel entrance due to undeveloped thermal bound-
ary-layers, followed by a sharp drop as the boundary-layer thickens.

At Re = 20, the flow remains laminar, with heat transfer dominated by conduction
rather than convection. As shown in fig. 6(a), the local Nusselt number varies smoothly, with
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relatively low peaks. Despite the weak convective activity, the L-shaped obstacles still induce
minor flow disturbances that locally enhance heat transfer. Among the tested configurations,
the 60° inclination exhibits the highest peaks, indicating that even under low flow conditions,
steeper angles create more pronounced boundary-layer disruption. The 45° inclination yields
intermediate results, while the 30° inclination shows the lowest and most uniform profile, due
to its reduced ability to disturb the flow. Between the peaks, the Nusselt number drops to very
low values, signaling zones of flow reattachment and boundary-layer growth.

As the Reynolds number increases to 100, convective mechanisms become more in-
fluential. Figure 6(b) shows that the local Nusselt number profile develops more distinct and
sharper peaks, corresponding to stronger vortex formation and boundary-layer thinning near
each obstacle. The 60° inclination continues to produce the highest Nusselt values, benefiting
from increased flow disturbance and mixing. The 45° inclination also shows strong perfor-
mance, with slightly lower but still significant peaks. The 30° case, while improved compared
to Re = 20, remains the least effective. At this intermediate Re number, the ability of the ob-
stacles to generate organized re-circulation zones and enhance local heat transfer becomes in-
creasingly important.

At Re = 600, the flow approaches a highly transitional or turbulent state. As depicted
in fig. 6(c), the local Nusselt number profile becomes highly oscillatory, with sharp, irregular
peaks and fewer deep valleys. The 60° inclination demonstrates the most effective heat trans-
fer, with Nusselt number values exceeding 800. This is attributed to strong flow separation
and intense vortex generation, which sustain boundary-layer disruption and promote cold fluid
penetration along the wall. The 45° case performs comparably well, and in some locations
even surpasses 60°, likely due to optimal interaction between the main flow and the obstacles.
Although the 30° inclination still results in lower peaks, its performance improves significantly
at this Reynolds number, highlighting that even shallow angles can benefit from turbulence-in-
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duced mixing. Notably, the valleys remain elevated, indicating that the thermal boundary-layer
does not fully recover between obstacles.

Overall, the periodic local Nusselt number variations confirm the strong influence of
the inverted L-shaped obstacles on thermal performance. The inclination angle and Reynolds
number jointly dictate the extent of boundary-layer disturbance and vortex strength. While
lower inclinations are less effective, particularly at low Reynolds numbers, the 60° inclination
consistently provides superior heat transfer enhancement across all flow regimes, making it the
optimal configuration for maximizing convective performance in the studied geometry.

The average Nusselt number, Nu,,, serves
as a comprehensive indicator of heat transfer 300
performance, integrating the effects of obstacle
geometry and flow intensity across the entire
channel. As presented in fig. 7, the variation A
of Nu,, with Reynolds number and inclination
angle (30°, 45°, and 60°) reveals significant in- 100 /
sights into thermal enhancement mechanisms.
At all Reynolds numbers, the Nu,, increases /
with both flow rate and obstacle inclination. For % 100 200 300 400 500 600
instance, at Re = 20, increasing the inclination Re
from 30° to 45° improves heat transfer by 33% Figure 7. Influence of obstacle inclination and
(from 13.94-18.51), and further increasing it to flow rate on average Nusselt number
60° results in a 53% gain over the 30° case. Similarly, at Re = 100, the 45° case enhances perfor-
mance by 42.7% compared to 30°, while the 60° configuration achieves a 78.9% improvement.

At higher Reynolds numbers, the impact of inclination becomes even more pro-
nounced. At Re = 400, the 60° set-up achieves an average Nusselt number of 250.42, which is
84.5% higher than the 135.66 observed for 30°, and 29.7% greater than the 193.01 obtained
for 45°. At Re = 600, this trend persists: the 60° inclination outperforms the 30° and 45° cases
by 99.5% and 27.7%, respectively. These significant differences underline the effectiveness of
steeply inclined L-shaped obstacles in disrupting the flow, enhancing mixing, and thinning the
thermal boundary-layer, especially under strong convective regimes.

Even at lower Reynolds numbers, where conduction dominates and convection is
weaker, the relative gains from obstacle inclination remain noticeable. At Re = 50, the increase
from 30° to 60° yields a 51.3% enhancement, confirming that even modest increases in geomet-
ric aggressiveness can yield measurable thermal benefits under laminar conditions.

Overall, the data confirm a synergistic relationship between obstacle inclination and
Reynolds number. The 60° inclination consistently provides the highest Nu,, across the entire
Reynokds number range, with performance improvements exceeding 90% in some cases com-
pared to the shallowest configuration. This makes it the optimal design in the tested range for
maximizing convective heat transfer in channels with periodic L-shaped obstacles.

Local Nu
N
o
o

AN

Conclusions

A detailed numerical study was carried out to evaluate the effect of inverted L-shaped
obstacle inclination and flow rate on heat transfer enhancement in a rectangular D-channel. The
conclusiones are as follows.
® The use of periodically arranged inclined obstacles introduces localized flow disturbances,

generating re-circulation zones and impingement regions that significantly enhance convec-
tive heat transfer.
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® Increasing the Reynolds number leads to thinner thermal boundary-layers, stronger vortex
activity, and elevated local and average Nusselt numbers across all cases.

e Among the three tested inclination angles (30°, 45°, and 60°), the 60° configuration consis-
tently delivered superior performance, especially at higher Reynolds numbers. At Re = 600,
it outperformed the 30° configuration by approximately 99.5% in terms of average Nusselt
number.

e Temperature contours and local Nusselt profiles confirmed the role of inclination angle in
controlling flow reattachment, mixing intensity, and downstream cooling effectiveness.

® The study demonstrates that geometric tuning of obstacle inclination offers a simple and
efficient passive method for boosting thermal performance in internal flow applications,
particularly under moderate to high flow conditions.

Future research may extend this work by examining pressure drop penalties, optimiz-
ing obstacle shape and spacing, or employing non-Newtonian or nanofluid working fluids to
further improve thermal-hydraulic performance.
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