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This study investigates the thermal-hydraulic performance of wavy channels equipped with transverse
ribs, addressing the need for optimized heat transfer solutions in compact heat exchangers, where the
combined effects of rib geometry and flow regime remain insufficiently explored. The objective is to
evaluate how rib inclination angle, height, and count influence heat transfer enhancement and overall
efficiency under both laminar (Re = 500) and turbulent (Re = 5000) flow conditions. Three-dimensional
numerical simulations were performed using ANSYS Fluent to analyze heat transfer characteristics,
frictional losses, and the performance evaluation criterion (PEC). The results show that transverse ribs
significantly enhance heat transfer by promoting flow separation and vortex formation. In laminar flow,
Nusselt numbers increased by up to ~50% compared to smooth channels, with optimal PEC values
achieved at moderate rib heights (h/H = 0.2-0.4), rib angles of 45°—60°, and low rib counts (N = 1-2).
In turbulent flow, heat transfer enhancement was more pronounced (Nusselt numbers ~56—58), although
increased friction led to PEC values below unity in most cases. Novel trade-offs were identified that
balance thermal performance and efficiency, especially in laminar regimes. These findings contribute
valuable design guidelines for the geometric optimization of ribbed wavy channels in different flow
regimes.
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Graphical Abstract
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Flow Regime Max Typical f (high h/H, PEC Trend Optimal Design
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(Re=500) N=1-2 angles
Turbulent ~56-58 1.5-1.8 PEC < 1 in most cases; best = 0.9 at 45°, Small ribs, low density
Re=5000) h/H=0.2, N=1
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NOMENCLATURE
D, Hydrolic Diameter, p, =(2wH)/(H + W) (m) T Temperature (K)
h Rib height (m) Re=pDU/u Reynolds Number
H Channel cross section height (m) Ui, U components of velocity (m/s)
w Channel cross section width (m) Greek Symbols
Nave Mean heat transfer coefficient (W/m2.K) k turbulence kinetic energy (m?%s?)
N Number of Rib u Dynamic viscosity (kg.m/s)
Nu Nusselt number, Ny =#, D, [k, e Rib angle (°, degree)
kr Conductivity of fluid (W/m.K) o Thermal diffusivity (m?%s)
P Pressure (Pa) v Kinematic viscosity (m%/s)
Pr Prandtl number P Density (kg/m®)

3 rate of dissipation (m?/s°)

1. INTRODUCTION

With the continuous miniaturization and increasing
power density of electronic, optoelectronic, and
photovoltaic (PV) devices, efficient thermal management
has become a critical concern. Among the various
strategies explored, microchannel heat sinks (MCHSs)
have garnered significant attention due to their compact
size, high surface-area-to-volume ratio, and superior heat
dissipation capabilities. Over the past decade, researchers
have extensively investigated enhancements in
microchannel geometries, flow conditions, and working
fluids to improve heat transfer performance while
managing associated pressure drops (1-3). Early
experimental studies, such as those by Sui et al. (4),
revealed that wavy microchannels outperformed straight
ones in terms of frictional flow and heat transfer
characteristics. Building upon this, Zhou et al. (5)
employed numerical simulations and response surface
methodology to optimize sinusoidal wavy microchannel
geometries, further validating their potential for compact
heat sinks. Other geometric innovations have also shown
promise; Kaewchoothong et al. (6) analyzed square
cross-sectional obstacles and found that inclined and V-
shaped obstacles enhanced heat transfer by up to 30%,
depending on angle and configuration. Lin et al. (7)
introduced a variable wavelength and amplitude wavy
design that significantly reduced thermal resistance,
while Rui and Kondo (8) highlighted the material and
thermal advantages of triangular heat sinks over
traditional rectangular fin arrays. Wang et al. (9)
demonstrated the benefits of inclined rectangular
obstacles in breaking thermal boundary layers and
enhancing heat transfer. Meanwhile, Chai and Wang (10)
analyzed five obstacle geometries in cross-sectional
chambers and reported substantial reductions in thermal
resistance and entropy generation. Bahiraei et al. (11)
further improved performance using graphene-silver
hybrid nanofluids in microchannels with ribs and sub-
channels. Ghodavai and Hassan (12) studied the
influence of obstacle height on local heat transfer,
whereas Zhou et al. (13) compared left-right and top-
bottom wavy designs, revealing Dean vortex formation

as a critical mechanism in enhancing mixing and thermal
performance. Li et al. (14) proposed a dual-layer heat
sink with solid and porous obstacles that achieved low
thermal resistance and uniform temperature distribution.
Shuo-Wang et al. (15) expanded on this with a dual-layer
design incorporating wavy channels and porous vertical
obstacles, finding it more effective than straight channel
configurations. Sheng and Wang et al. (16) investigated
pulsating flow effects in fan-like microchannels using the
lattice Boltzmann method, revealing that alternating flow
structures improved mixing and heat transfer. Krishna et
al. (17) emphasized the role of waviness in altering the
transition Reynolds number and enhancing average
Nusselt numbers. Ahmed et al. (18) applied a multi-level
truncated fin design for natural convection cooling of PV
modules, which reduced module temperature and
increased power output. Khan and Karimi (19) and Al-
Sabri et al. (20) further examined geometric
modifications and nanofluid behavior in wavy
microchannels.

Zhang et al. (21) compared dual-layer and straight
channel MCHSs, confirming the thermal advantages of
the dual-layer configuration. Khan et al. (22) validated
the enhanced cooling of wavy and dual-wavy
microchannels using nanofluids in laminar flows.
Ghorbani et al. (23) identified that higher amplitude-to-
wavelength ratios promoted turbulence and improved
heat transfer in wavy designs. Shuo-Wang et al. (24)
showed that symmetric wavy configurations generated
four Dean vortices, improving heat transfer but
increasing pressure drop. Okeb et al. (25) demonstrated
that dimples and fillets significantly influenced the flow
structure and thermal performance. Al-Naimat et al. (26)
showed that zigzag channels reduced thermal resistance
and pumping power. Halon et al. (27) explored two-phase
boiling flows in restricted and unrestricted
microchannels, revealing complex flow pattern
dependencies. Finally, Fiu et al. (28) used machine
learning and genetic algorithms to optimize wavy
microchannel configurations for PV cooling, achieving
high prediction accuracy and performance.

Recent studies have emphasized the pivotal role of
geometry in optimizing microchannel heat sink (MCHS)
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performance. Chen and Yaji (29) introduced a topology
optimization framework using an Eulerian—Eulerian
multiphase approach, achieving an 11.6% enhancement
in heat transfer through geometrically optimized
nanofluid channels. Nasiri Khamesloo and Domiri Ganji
(30) proposed novel fractal MCHS designs with bottom
and sidewall fins, revealing that sidewall fins improved
Nusselt numbers by 28% and overall system performance
by up to 6%. In another work, they showed that hybrid
nanofluid flows in modified geometries further optimized
thermal distribution (31). Zhu et al. (32) conducted a
comparative assessment of rib shapes and -cavity
structures, concluding that geometric coupling
significantly influences flow uniformity and heat transfer
rates. Li et al. (33) investigated six fin shapes in MCHS
designs, identifying those with minimal pressure drop
and maximal thermal enhancement. Li and colleagues
(34) also applied artificial neural networks and genetic
algorithms to optimize pin-fin microchannels, leading to
better temperature uniformity and thermal performance.
Huo and Sun (35) developed a hierarchical embedded
microchannel geometry for ultra-high flux SiC chip
cooling, achieving exceptional thermal metrics using
deionized water boiling. Chej et al. (36) modeled heat
transfer in microfluidic sinks, showing how geometry-
dependent temperature profiles impact flow behavior,
especially at low Reynolds numbers. Al-Bahrani and co-
authors (37) presented a topology-optimized fin
architecture produced through additive manufacturing,
enabling enhanced cooling via complex internal features.
Jalilinasrabady and co-workers (38) reviewed inclined
microchannel designs for microelectronics, highlighting
their superior heat spreading potential. Dehkordi et al.
(39) examined sinusoidal and Z-shaped patterns,
concluding that increased surface contact via waviness
improves convection. Mousavi and Rahimi (40)
validated the effect of changing cross-sectional areas on
flow acceleration and turbulence generation. Ghasemi
and Arasteh (41) proposed a fluted-fin layout that
enhanced thermal exchange in laminar regimes.
Alimohammadi and Jamshidi (42) analyzed Y-shaped
bifurcated microchannels, demonstrating superior
distribution of flow and temperature control. Finally, Liu
and Shi (43) introduced triangular lattice structures in the
channel network, resulting in balanced heat spreading
and reduced hotspots.

Despite the extensive literature on heat transfer
enhancement, a comprehensive understanding of the
combined effects of wavy channel geometries and
internal obstacles—particularly V-shaped ribs—remains
limited. To the best of our knowledge, there are no
systematic studies investigating the influence of V-
shaped ribs in wavy microchannels under both laminar
and turbulent flow conditions. This study addresses this
gap by numerically analyzing a novel ribbed wavy
microchannel heat sink with axially aligned V-shaped

ribs. Parametric investigations are performed for both
laminar (Re = 500) and turbulent (Re = 5000) flow
regimes, focusing on the effects of rib height-to-channel
height ratio (h/H), rib angle (V-opening angle), and rib
number (density) on Nusselt number, friction factor,
thermal resistance, and the performance evaluation
criterion (PEC).

2. GOVERNING EQUATION

The fluid flow and heat transfer in a three-dimensional
domain under steady-state conditions, assuming an
incompressible fluid with constant thermophysical
properties, are governed by the following set of partial
differential equations for laminar and turbulent flows:
Continuty equation:

Ou,

a_x,:() (M

Momentum equation:

" Ou, 7_l57P+V o, )
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Energy equation:
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The preceding equations are applicable to laminar flow
regimes.

The time-averaging method in Reynolds-Averaged
Navier-Stokes (RANS) equations is one of the common
approaches in analyzing turbulent flows. In this method,
by applying time-averaging to the Navier-Stokes
equations, the Reynolds stress term emerges, which is
caused by velocity fluctuations in turbulent flow. These
additional stresses appear as indeterminate variables and
require modeling to solve the equations.

One of the most common models for Reynolds
stresses is the Eddy Viscosity Approach. In this method,
Reynolds stresses are modeled similarly to molecular
viscosity stresses, but instead of actual viscosity, an
effective turbulent viscosity coefficient is introduced,
which can simulate the effects of displacement and
mixing caused by eddies. The resulting equations for the
transfer of momentum and heat in turbulent flows are
written as follows:
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In these equations, the values of kinematic viscosity and
the thermal diffusivity coefficient of turbulence are
expressed as follows.

v,=C,—, a, =— (6)
The turbulence kinetic energy, k, and its rate of

dissipation, &, are obtained from the following transport
equations:
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The values of the constants in the equations are as
follows.

C,=0.09,C, =1.44,C,, =1.92,6, =1.0,0, =13 (9)

This study investigates fluid flow in a channel with a
wavy cross-section and the presence of obstacles (Figure
1(a)). The channel geometry is rectangular with a height
of 400 micrometers and a width of 216 micrometers,
based on the research conducted by Ghorbani et. al. (24).
The wavelength and wave amplitude are set at 2500 and
250 micrometers, respectively, as the baseline values for
the channel's geometric structure. The obstacles are
designed with V-shaped geometry, blocking between 0.1
to 0.5 of the channel's height and positioned along the
flow path. The number of ribs (N) placed per wavelength
of the wavy channel is limited to a maximum of four due
to the geometric constraints of the wave structure. Ribs
are positioned based on three distinct configurations: 1)
only at the wave crests, 2) at both crests and troughs, and
3) at wave nodes with a 45° phase shift. These locations
are physically meaningful and evenly distributed along
the wave profile. As a result, placing more than four ribs
within one wavelength would lead to overlapping or
unrealistic rib positioning. Therefore, N= 1, 2, and 4 were
selected as the practical and representative cases for
analysis. To control computational volume and enhance
the accuracy of the results, periodic boundary conditions
have been applied. This approach ensures the
independence of the results from the flow development
length and improves computational efficiency. The rib
angle is, in fact, half of the angle between the rib and its
central axis (Figure 1(b)).

3. NUMERICAL METHOD

In this study, the commercial software ANSYS Fluent
version 2021 was used. This program is based on the

(b)
Figure 1. (2) Geometry of the problem; (b) A sample of grid
points

finite volume method, and the SIMPLE algorithm was
used for pressure-velocity coupling. Non-linear terms in
the momentum and energy equations were discretized
using a second-order upwind scheme, and the residual
value in the continuty equation was less than 10, and in
other equations up to 106, The grid used was orthogonal
and structured and had a higher concentration near the
walls. In the turbulent flow, the y* value near the wall
was reported to be less than 35. A sample of the generated
grid is shown in Figure 1(b). The average difference
between the grid numbers of the first and fourth is 4.51%,
which has decreased to 0.4% with the further increase in
number of grid points, particularly for the third and fourth
grids. Considering the accuracy of the results and the
savings in computational time and costs, the third grid
points (with a size of 2,840,000 cells) was used in this
study (Figure 2).

4.RESULTS

To validate the numerical method employed, the results
of Lu and Jiang (44) were simulated and compared. Their
research includes experimental investigations of flow
within a heated ribbed-surface channel. The present
validation was conducted based on the channel
configuration of 40 x 10 x 4 mm?, with a rib angle of 90
degrees and an inter-rib spacing of 4 mm. Results show
that the present study predicted the experimental data
with suitable accuracy in Nu number and friction factor
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(Figure 3). The maximum error observed in the Nusselt
number and friction factor were 5.8%, and 3%,
respectively.

Subsequently, the experimental results of Sui et al. (5)
concerning flow in a wavy microchannel were simulated
(Figure 4). The simulation results demonstrated good
agreement, with a maximum observed error of
approximately 4%.
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Figure 4. Comparison of the present numerical results with
experimental and numerical data of Sui et al. (5§) in a
microchannel at laminar flow

4. 1. Heat Transfer and Friction Behavior Across
Rib Angles (Laminar Flow) Figure 5 illustrates
the variation of Nusselt number and friction factor as
functions of the relative rib height 4/H for rib inclination
angles of 45°, 60°, 75°, and 90°, respectively, under
laminar flow conditions (Re = 500). In all cases, three rib
densities are considered: N = 1, 2, and 4. Across all
angles, increasing the rib height consistently results in a
higher Nusselt number, primarily due to improved
boundary layer disruption and increased effective surface
area. The most aggressive enhancement occurs for the
90° ribs, where the Nusselt number reaches values
exceeding 24 for N = 4 at h/H=0.6. At 45°, the peak
Nusselt number remains lower (around 21) but exhibits a
more gradual increase with rib height. However, this
thermal enhancement is accompanied by a substantial
increase in friction factor, which becomes more
pronounced at higher angles. At h/H=0.6 the friction
factor reaches ~2.1 for 45°,~2.4 for 60°,~2.6 for 75° and
~3.0 for 90°. especially in the N = 4 configuration. This
demonstrates that steeper rib angles, while thermally
beneficial, impose a greater pressure drop penalty—
particularly when combined with high rib density and
height.

Figure 6 presents the three-dimensional streamlines
and static temperature contours for a wavy channel with
high rib height under (a) laminar and (b) turbulent flow
conditions. The figure illustrates the complex vortex
structures, recirculation zones, and heat transfer effects
induced by ribbed geometry at elevated heights.
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In the laminar flow case (Figure 6a), flow separation
occurs immediately downstream of the ribs, generating
stable and symmetric recirculating vortices in the cavity
regions between ribs. As rib height increases from 0.1H
to 0.2H, the size and strength of these vortices grow
slightly, but the flow remains relatively ordered.
However, a more significant change is observed when rib
height reaches 0.5H: the vortices expand considerably,
occupying nearly half the cavity height, and penetrate
deeper into the core flow. This enhanced mixing
contributes to stronger boundary layer disruption and
improved heat transfer, as evidenced by the expanded
isothermal layers near the rib walls.

In the turbulent flow case (Figure 6b), the increased
rib height leads to an even more pronounced
transformation. The flow becomes highly chaotic, with
intense eddy formation, secondary flows, and complex
vortex interactions in all three spatial directions. The high
rib height forces the streamlines to bend sharply around
obstacles, increasing the turbulent kinetic energy near the
wall. The temperature contours show a thinner boundary
layer and deeper thermal penetration into the core region,
indicating stronger convective mixing than in the laminar
case. Despite this improvement in heat transfer, such
flow complexity also results in a higher friction factor
and energy cost. Together, these visualizations
demonstrate the critical role of rib height in shaping flow

| Static 300 313 326 339 352

(b) Turbulent
Figure 6. Three-dimensional streamlines and static
temperature contours in a ribbed wavy channel with high rib
height (h/H = 0.5) under (a) laminar and (b) turbulent flow
conditions. Vortex formation, recirculation zones, and
temperature gradients are shown to highlight the effect of rib
geometry on flow structure and heat transfer

and thermal performance. While small ribs produce
limited disruption, larger rib heights (e.g., h/H = 0.5)
significantly enhance both vortex strength and thermal
mixing, especially under turbulent conditions.

This expansion of the vortex zone intensifies flow
mixing, boosts thermal energy exchange, and is
consistent with the observed increase in the Nusselt
number at higher rib heights. Nevertheless, the enlarged
vortices also contribute to increased pressure drop, which
must be balanced against the thermal gains in practical
design. Figure 7 shows the Performance Evaluation
Criterion (PEC) as a function of #/H for the same rib
angles.

NM / NuSimpIe Wavy Channel

PEC = 3
(7 S simpte wavy hanner)

(10)

A PEC value greater than 1 signifies a net thermal-
hydraulic improvement. At 45°, PEC values approach
unity for N = 1 and 2 at low rib heights (4/H<0.2), but
decline steadily beyond this point, dropping to ~0.7 for N
=4 at h/H=0.6. For 60°, 75°, and 90°, the PEC curves
exhibit similar trends but decline more sharply, with the
90° configuration falling below 0.6 for high rib counts
and heights. These findings indicate that while vertical or
near-vertical ribs significantly enhance heat transfer, they
do so at a disproportionate cost to pressure losses,
reducing overall system efficiency.
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Table 1 summarizes the optimal rib configurations for
laminar flow conditions (Re = 500), based on a
comprehensive evaluation of heat transfer (Nusselt
number), frictional losses (friction factor), and overall
thermal-hydraulic performance (PEC). For the single-rib
configuration (N = 1), the optimal performance is
achieved with rib angles between 45° and 60° and
moderate rib heights in the range of 0.2 <h/H < 0.4. This
setup offers an excellent balance between enhanced heat
transfer and low pressure drop, making it highly efficient
for compact systems where pumping power must be
minimized. The two-rib configuration (N = 2) performs
best at a rib angle of 60° with slightly higher rib heights
(0.3 <h/H <£0.4). This arrangement achieves a favorable
compromise, offering improved heat transfer compared
to N = 1, while maintaining manageable frictional
penalties. It can be considered the most balanced choice
among the tested geometries. In contrast, the four-rib
configuration (N = 4) shows diminishing returns in
performance, particularly at steeper angles (>75°).
Although it achieves higher Nusselt numbers, the
associated pressure losses become dominant, especially
at rib heights above 0.2H. Therefore, for high-density
ribbing, the design must be restricted to low rib heights
(h/H <£0.2) and shallower angles to avoid excessive flow
resistance.

4. 2. Turbulent Flow Results (Re = 5000)
Figures 8 and 9 illustrate the influence of rib angle (45°,
60°, 75°, and 90°), rib height ratio (h/H=0-0.6), and rib
number (N = 1, 2, 4) on the Nusselt number, friction
factor, and Performance Evaluation Criterion (PEC)
under turbulent flow conditions. At Re = 5000, the
Nusselt number increases strongly with rib height across
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Figure 7. Performance Evaluation Criterion (PEC) as a
function of h/H for for different rib inclination angles at
laminar flow

all angles and rib counts. For the most intensive

0.9
g ow configuration (N=4, 90° ribs, h/H=0.5), Nu reaches ~56—
08 58, more than double the laminar maximum. Even
" shallow ribs (h/H=0.1) at 45° provide significant
s enhancement over a smooth channel. Increasing rib angle
06 further intensifies mixing and flow separation, thus
0 ot S 0s 08 raising Nu, with the 75° and 90° cases showing the
Angle = 45° steepest growth.
TABLE 1. Recommended Rib Geometries for Laminar Flow (Re = 500)
Number of Ribs (N) Recommended Angle (°) Optimal Height Ratio (h/H) Design Note
1 45-60 0.2-04 High efficiency with minimal pressure penalty
2 ~60 0.3-04 Balanced trade-off between heat transfer and loss
4 <60 (avoid >75) <02 Strong heat transfer but high pressure drop
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The friction factor grows monotonically with rib
height and rib density. However, its absolute values are
generally lower than in the laminar regime: for instance,
ath/H=0.5, fis ~1.5—1.8 for N=4 in turbulence, compared
with ~2.5-3.0 in laminar flow. This difference arises
because inertial forces dominate turbulent transport,
reducing the relative importance of viscous drag. The
PEC trends reveal that despite high heat transfer
enhancement, overall efficiency declines with rib height.
For N=1 at 45°, PEC values remain close to unity for
small heights (h/H<0.2), but they drop rapidly to ~0.5 at
h/H=0.5 when N=4. Steeper angles (>75°) accelerate this
decline, as pressure losses rise faster than the thermal
benefits.

When comparing the laminar (Re=500) and turbulent
(Re=5000) regimes, several key differences emerge in
thermal-hydraulic behavior. In laminar flow, ribbed
channels provide a modest increase in heat transfer, with
the Nusselt number rising to about 21-24 at high rib
heights, while friction factors can exceed 2.5-3.0 for
dense ribbing. Importantly, under moderate rib heights
(h/H=0.2-0.4) and shallow to intermediate rib angles
(45°-60°), the PEC approaches or slightly exceeds unity,
indicating that a net efficiency gain can be realized. In
contrast, turbulent flow delivers a much stronger heat
transfer enhancement, with Nusselt numbers reaching
56-58 for high ribs, but this improvement is
accompanied by significant hydraulic penalties.
Although absolute friction factor values are somewhat
lower in turbulence than in laminar flow, the relative
energy cost becomes more severe, and as a result, PEC
values remain below unity in most configurations, except
at very small rib heights and low rib counts. Increasing
rib angle consistently boosts heat transfer in both regimes
but reduces overall performance efficiency, with the
decline more pronounced under turbulence. Overall,
while laminar flow offers the possibility of achieving
both heat transfer enhancement and acceptable
efficiency, turbulent flow emphasizes maximum heat
transfer at the expense of efficiency, making careful
geometric optimization essential.

5. CONCLUSION

This study investigated the influence of rib angle, rib
height, and rib density on the thermal-hydraulic
performance of wavy channels under both laminar
(Re=500) and turbulent (Re=5000) flow conditions. The
results provide several key insights into the interplay
between heat transfer enhancement and hydraulic losses:
1. Laminar flow (Re = 500). Ribbed channels
produced moderate heat transfer improvements, with
Nusselt numbers increasing up to ~24. Friction penalties
were relatively high, yet the performance factor (PEC)
could approach or slightly exceed unity for optimized

geometries, particularly with one or two ribs, moderate
rib heights (h/H=0.2-0.4), and rib angles between 45°
and 60°. Thus, laminar configurations allow
simultaneous improvement in heat transfer and overall
efficiency if rib geometry is carefully selected.

2. Turbulent flow (Re = 5000). Heat transfer
enhancement was far more pronounced, with Nusselt
numbers reaching 5658 at high rib heights. However,
the associated pressure losses intensified, resulting in
PEC values that generally remained below unity. Only
small rib heights (h/H<0.2) with a single rib and shallow
angles (45°—60°) provided near-balanced performance.
Steeper rib angles (>75°) and higher rib densities yielded
maximum Nusselt numbers but at the cost of severe
efficiency degradation.

3. Comparison of regimes. Laminar flows present
opportunities for balanced design, where both efficiency
and heat transfer can be optimized simultaneously. In
contrast, turbulent flows favor maximum heat transfer
but rarely achieve net thermal-hydraulic efficiency,
underscoring the importance of prioritizing either
performance or energy economy depending on
application requirements.
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