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Abstract

A three-dimensional conjugate heat-transfer model was used to investigate laminar water
flow in a silicon microchannel heat sink equipped with novel staggered transverse-section
triangular ribs, whose triangular cross-section is defined directly in the channel transverse
plane, normal to the mean flow direction. Simulations were performed for 100 < Re < 400
under a uniform base heat flux of 1.0 MW/m?. Rectangular and triangular ribs were first
compared at the same frontal-area blockage ratio, BR = 25%. The rectangular configuration
provided a slightly higher performance-evaluation criterion (PEC) up to Re = 200, whereas
the triangular configuration became superior at higher Reynolds numbers and yielded an
8.7% higher PEC at Re = 400. A sequential parametric study then examined triangular-rib
width, height, blockage distribution, and streamwise spacing. At BR = 37.5% and Re = 400,
the full-height/variable-width configuration produced a 55.3% higher Nusselt number
and a 30.7% higher PEC than the corresponding full-width/variable-height configuration.
Reducing rib spacing from 0.40 to 0.20 mm increased PEC by 74.5%, from 1.37 to 2.40, while
the Fanning friction factor increased from 0.118 to 0.279. The complementary heated-base
indicators, i.e., overall Nusselt number and PEC;,, confirmed the main performance trends,
supporting the conclusion that rib profile, blockage distribution, and spacing jointly govern
the thermohydraulic performance of transverse-section triangular-rib microchannels.

Keywords: microchannel heat sink; transverse-section triangular ribs; conjugate heat
transfer; blockage ratio; thermohydraulic performance

1. Introduction

The continuous increase in power density associated with the miniaturization of elec-
tronic devices has intensified the need for compact and efficient thermal-management sys-
tems capable of maintaining acceptable operating temperatures and limiting temperature
non-uniformity [1-3]. Since the pioneering work of Tuckerman and Pease [4], microchannel
heat sinks (MCHSs) have received considerable attention because their high surface-area-to-
volume ratio and short conduction paths enable high heat-removal rates within a compact
volume. Microscale flow passages and their thermohydraulic characteristics have been
extensively classified and discussed in the literature [5], and liquid-cooled MCHSs are now
regarded as promising solutions for processors, power electronics, and other high-heat-flux
applications [1-3].
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Despite their high intrinsic heat-transfer capability, conventional straight microchan-
nels are generally characterized by laminar flow and by the progressive development of
hydrodynamic and thermal boundary layers along the channel. Consequently, a wide range
of passive enhancement strategies has been investigated. Recent reviews [6,7] classify these
approaches into coolant modification and geometric or surface modification.

Working-fluid modification through nanofluids represents one possible route (see, for
example, Refs. [8,9]).

A second major class of passive techniques, which is the one considered in this work,
consists of modifying the microchannel flow passage itself. Cavities, grooves, expansion—
contraction sections, and related interrupted geometries periodically disturb or redevelop
the boundary layer and can redirect fluid from the core region toward the heated walls. Pan
et al. [10] examined microchannels with different re-entrant cavity shapes and showed that
cavity geometry has a direct influence on both heat-transfer augmentation and pressure
loss, confirming that the thermal benefit cannot be separated from the way in which the
cavity modifies the local flow field. Kumar and Kumar [11] investigated arc grooves placed
on the channel floor, on the sidewalls, and on combined surfaces. Their results showed that
groove-induced boundary-layer disruption can substantially increase heat transfer. Saha
etal. [12] focused specifically on right-triangular grooves machined into the sidewalls and
varied the groove angle from 15° to 75° for Reynolds numbers ranging from 100 to 900. The
periodic expansion—constriction concept investigated by Chai et al. [13] further demon-
strated how repeatedly interrupting the developing flow can reinitialize the hydrodynamic
and thermal boundary layers and thereby enhance heat transfer. Overall, these studies
establish boundary-layer interruption and redevelopment as one of the recurring physical
mechanisms behind passive geometric enhancement in microchannels.

Internal flow promoters provide another route for enhancing single-phase MCHS
performance. Micro pin fins increase the wetted area while also producing local acceleration,
flow separation, wakes, and secondary motion. Vasilev et al. [14] numerically analyzed
seventeen circular pin-fin configurations by varying pin diameter, height, and spacing. Jia
et al. [15] investigated oval-shaped micro pin fins for Reynolds numbers ranging from 157
to 668 and independently varied the fin axial-length, width, and height ratios. Alietal. [16]
examined semi-elliptical pin fins with aspect ratios ranging from 0.36 to 1.00 in a silicon
MCHS. The fins reduced the heated-wall temperature and enhanced heat transfer, but also
increased pressure drop.

Among passive internal promoters, ribs are particularly attractive because their shape,
size, location, orientation, porosity, and spacing can be tailored independently of the overall
channel dimensions. Li et al. [17] compared solid and porous ribs in middle, symmet-
rical, and staggered arrangements. Both rib types enhanced heat transfer relative to a
smooth channel, but replacing solid ribs with porous ribs significantly reduced the pressure
drop. The importance of rib location was highlighted by Ali et al. [18], who mounted
trefoil ribs on the base wall, sidewalls, or all walls. Although the all-wall configuration
produced the strongest heat-transfer augmentation, its hydraulic penalty reduced the over-
all benefit. More recently, Ali et al. [19] investigated biomimetic trefoil-shaped cavities
located on different microchannel walls, further highlighting the influence of the location of
flow-enhancement elements on thermohydraulic performance. Other geometrical enhance-
ment strategies include symmetrical ogive-shaped ribs mounted on different walls [20],
NACA 2412 hydrofoil-shaped ribs [21], shark-scale-inspired gradient airfoil ribs [22], and
combined structures incorporating inclined ribs, quatrefoil-shaped elements, and ellip-
tical grooves [23]. These studies further highlight the importance of rib geometry and
arrangement in determining the balance between heat-transfer enhancement and hydraulic
resistance. Dash et al. [24] studied staggered cylindrical ribs with sector angles from 45°
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to 80°. Increasing the sector angle progressively increased both Nusselt number and flow
resistance. A similar sensitivity to rib orientation was reported for V-shaped ribs by Ali
etal. [25]: decreasing the angle of attack from 90° toward 35° intensified heat transfer, but at
the cost of a higher friction factor. Wang et al. [26] introduced staggered truncated ribs and
varied both rib-height ratio and rib-width ratio for Re = 223 — 593. Larger ribs generally
increased Nu and friction simultaneously, while truncation could lower the pressure-loss
penalty relative to conventional ribs. Additional studies on periodic sidewall modifica-
tions [27] and variable-geometry rectangular fins [28] reach the same general conclusion:
internal structures can substantially strengthen convection, but their value must be as-
sessed through a combined thermal-hydraulic criterion rather than through heat-transfer
enhancement alone.

Direct comparisons among rib shapes provide an important basis for interpreting the
influence of geometry, although the configurations adopted in previous studies differ from
those considered here. Wang et al. [29] performed an experimental and numerical compar-
ison of rectangular, triangular, and semicircular micro-ribs mounted on opposed sidewalls.
Among the tested shapes, the triangular ribs produced the highest Nusselt number but
also the highest friction factor. Chai and Wang [30] subsequently compared rectangular,
backward-triangular, diamond, forward-triangular, and ellipsoidal ribs located in transverse
microchambers within a three-dimensional conjugate heat-transfer model, showing that
the ranking of rib shapes depends on the operating range and on the balance between
heat transfer and pressure loss. Wang et al. [31] also compared interrupted microchannels
without ribs and with rectangular, triangular, and trapezoidal ribs over Reynolds numbers
ranging from 100 to 900. In that study, the rectangular rib produced the largest increases in
both average Nusselt number and friction factor, whereas the trapezoidal rib provided the
highest overall PEC. These studies demonstrate that the ranking of rib shapes depends on
the balance between heat-transfer enhancement and hydraulic penalty and, importantly, on
the specific geometric framework in which the comparison is performed.

Triangular ribs deserve a more specific discussion because their inclined faces can
redirect the core flow, accelerate the fluid through locally restricted regions, promote im-
pingement on downstream surfaces, and repeatedly interrupt the thermal boundary layer,
while the wake region may exhibit separation and recirculation. However, the term “tri-
angular rib” has been used in the micro/minichannel literature for geometrically different
concepts. Wong and Lee [32] investigated triangular ribs located inside transverse mi-
crochambers and independently varied rib width, length, and height. In their configuration,
the triangular planform develops in a plane parallel to the channel base. They found that
heat transfer increased as rib width and height increased, whereas increasing rib length
was less favourable. Chai et al. [33,34] considered triangular ribs mounted on the paral-
lel sidewalls in aligned and offset arrangements. In their configuration, the triangular or
saw-tooth profile is likewise defined in the plane parallel to the channel base, while the
parameter denoted as rib height represents the lateral protrusion into the flow passage and
is normalized with the channel width rather than with the channel height. Depending on
geometry and arrangement, the average Nusselt number increased up to 2.16 times that of
the straight reference channel, while the friction factor could increase by as much as about
nine times.

Further studies confirm the strong sensitivity of triangular enhancement elements to
their orientation and dimensional ratios. Chen et al. [35] investigated regular triangular
prisms in a minichannel by varying prism orientation, height, and transverse offset. The
backward-oriented triangular prism provided the most favourable overall response for
most of the investigated conditions; however, the triangular prism is a three-dimensional
obstruction whose triangular planform and orientation differ from the frontal cross-section
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adopted in the present work. Feng et al. [36] investigated staggered triangular ribs in a
0.2 mm x 0.2 mm microchannel, varying rib width, height, and length. The rib height ranged
from 0.012 to 0.072 mm, confirming that partial-height triangular ribs have already been
considered in the microchannel literature. Increasing relative width and height improved
heat transfer but also increased resistance. Alnaimat et al. [37] examined triangular ribs
located on the sidewalls and quantified the effects of rib dimensions and pitch in terms
of thermal resistance, pumping power, and figure of merit; reductions in pitch decreased
thermal resistance but increased the pumping requirement. Shamsoddini Lori and Vafai [38]
compared periodic solid and porous ribs of several shapes, including isosceles, forward-
triangular, and backward-triangular geometries, and investigated the effects of rib height
and porous-medium parameters. Collectively, these studies establish that triangular-rib
width, height, length, spacing, orientation, arrangement, and partial-height configurations
have already been investigated in micro- and minichannels. They also show, however, that
the geometric meaning and orientation of the triangular profile differ substantially among
the available configurations.

The extensive literature on rib-roughened channels at conventional scales provides
an additional framework for interpreting the transport mechanisms induced by ribs. Han
et al. [39] demonstrated that rib shape, angle of attack, and pitch-to-height ratio strongly
affect both heat transfer and friction, while Ling et al. [40] showed that triangular ribs can
produce substantial heat-transfer enhancement, albeit with a pronounced pressure-drop
penalty. Ahn [41], through a direct comparison among different roughness geometries,
similarly reported particularly high heat-transfer performance for triangular ribs. These
studies support the interpretation of rib-induced enhancement in terms of boundary-layer
disruption, flow separation and reattachment, secondary motion, and form drag. Webb [42]
further established performance-evaluation criteria for assessing enhanced heat-transfer
surfaces under combined thermal and hydraulic constraints. Nevertheless, quantitative
results and optimum geometric ratios obtained at conventional scales cannot be transferred
directly to microchannels. Wang et al. [43] demonstrated that, although similar rib-induced
flow structures may persist across different scales, both Nusselt number and friction charac-
teristics exhibit scale-dependent behaviour. Accordingly, macroscale studies are used here
primarily to support the physical interpretation of the observed mechanisms rather than as
direct quantitative benchmarks.

Within the micro/minichannel literature examined in the present review [29-38],
triangular ribs have been investigated with different orientations, dimensional ratios, and
arrangements. However, no study was identified in which the triangular cross-section of
the rib is defined directly in the channel transverse plane, normal to the mean streamwise
flow, so that the triangular area constitutes the frontal obstruction of the channel cross-
section. This geometrical distinction is central to the present investigation, since rib width
and height determine not only the magnitude of the frontal obstruction but also its spatial
distribution within the channel cross-section. In particular, the same frontal-area blockage
ratio can be obtained with different combinations of rib width and height, resulting in
geometrically distinct configurations. Although previous studies have examined the effects
of rib dimensions and shape, the influence of the spatial distribution of an identical frontal
obstruction has not been systematically investigated for this type of triangular rib. To the
best of the authors” knowledge, a systematic comparison of transverse-section triangular
ribs at matched frontal-area blockage ratios has not been reported in the reviewed literature.

The main contribution of the present study is a systematic thermohydraulic investi-
gation of transverse-section triangular ribs, with particular emphasis on comparisons at
matched frontal-area blockage ratios. This approach makes it possible to distinguish the
effects of rib shape and spatial distribution of the frontal obstruction from those associated
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with the blockage magnitude itself. In the first stage, rectangular and triangular ribs are
compared at the same frontal-area blockage ratio, in order to assess the effect of rib shape
while maintaining the same fraction of obstructed channel cross-sectional area. This initial
comparison also provides a complementary basis for comparison with previous studies
addressing rectangular and triangular-rib geometries [29-31], while adopting a different
geometric constraint and a different orientation of the triangular section. Based on the
results of this preliminary comparison, the triangular configuration is subsequently retained
for the parametric investigation. Rib width is first varied while maintaining the full chan-
nel height, after which rib height is varied while maintaining the full channel width; the
resulting full-height/variable-width and full-width/variable-height families form paired
configurations at matched-blockage ratios. This design permits the influence of the spa-
tial distribution of an identical frontal obstruction to be examined independently of the
blockage ratio itself. Finally, rib spacing is varied for the selected triangular configuration.
The study therefore provides a comprehensive assessment of the effects of rib geometry on
thermohydraulic performance over the Reynolds number range of 100 to 400. In addition to
conventional thermal and hydraulic indicators, complementary performance criteria based
on the heated-base temperature and field-synergy analysis are employed to provide further
insight into the effectiveness of the investigated configurations.

2. Statement of the Problem and Numerical Methodology

The present study considers three-dimensional laminar forced convection of water
in a silicon microchannel heat sink subjected to a uniform heat flux at its bottom surface.
The microchannel has a rectangular cross-section, while staggered ribs are introduced into
the flow passage to enhance fluid mixing and periodically disturb the developing thermal
boundary layer.

The investigation is structured as a sequential parametric study. First, a smooth mi-
crochannel and two ribbed configurations, incorporating rectangular and triangular ribs,
are compared. The rectangular and triangular ribs are designed at the same frontal-area
blockage ratio, so that the influence of rib shape can be assessed under the same degree of
cross-sectional obstruction. Based on this preliminary comparison, the triangular-rib config-
uration is retained for the subsequent parametric analysis. The triangular ribs considered
in this work have a triangular cross-section defined directly in the plane transverse to the
mean flow direction. Their height, width, and streamwise spacing are varied systematically,
while their thickness is kept constant. Two geometric families are examined: full-height
ribs with variable width and full-width ribs with variable height. These configurations
also provide matched frontal-area blockage ratios, enabling the influence of the spatial
distribution of the obstruction within the channel cross-section to be distinguished from
that of the blockage magnitude itself. Finally, the effect of rib spacing is investigated while
maintaining the selected rib height and width.

The thermal and hydraulic responses are evaluated in terms of average heated-wall
temperature, Nusselt number, Fanning friction factor, and performance-evaluation crite-
rion (PEC). The numerical formulation, computational domains, boundary conditions,
solution procedure, and definitions of the performance parameters are presented in the
following subsections.

2.1. Mathematical Model and Governing Equations

Three-dimensional conjugate heat transfer in a single silicon microchannel was numer-
ically investigated, accounting for both heat conduction through the silicon substrate and
ribs and convection within the coolant. The following assumptions were adopted:

(1) The fluid is single-phase, incompressible, and Newtonian.
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(2) The flow is steady and laminar over the investigated Reynolds-number range.

(3) Thermophysical properties of water and silicon are constant.

(4) No-slip conditions apply at all fluid-solid interfaces, and perfect thermal contact is
assumed between water and silicon.

(5) Radiation, body forces, and heat exchange with the external environment are neglected.

(6) Viscous dissipation is neglected.

The single-phase flow assumption is consistent with the intended application to elec-
tronic cooling, for which the predicted operating temperatures remain well below the
saturation temperature of water under the considered pressure conditions.

Under these assumptions, the governing equations are the continuity, the Navier—
Stokes and the thermal energy equation in the fluid domain

Vau=0 (1)
pru-Vu = =Vp + uVu (2)

and the thermal conductivity equation in the solid
kT =0 (4)

In the above equations, u is the velocity vector, p is the static pressure, and T is the
temperature, oy denotes the fluid density, y; the dynamic viscosity, kr and C,s the fluid
thermal conductivity and specific heat capacity at constant pressure, respectively, while k; is
the silicon thermal conductivity. At every water—silicon interface, continuity of temperature
and normal heat flux is imposed.

It must be pointed out that, since the main purpose of the study is to compare the effects
of different geometrical configurations, constant properties were deliberately adopted to
isolate the effect of geometry without introducing an additional temperature-dependent
contribution to the observed differences. Furthermore, as will be clarified later, most of
the simulations were performed based on a periodic computational approach that im-
poses practical limitations on the use of temperature-dependent properties in the numeri-
cal formulation. All the thermophysical properties were evaluated at a temperature of
300 K. Their values are: pf = 998.2 kg/m3, He = 0.001003 Pa-s, kf = 0.6 W/(m-K),

Cpr = 4182]/(kgK), and k, = 148 W/(m-K).

2.2. Computational Domains and Boundary Conditions

Figure 1 shows the full-length computational domain used to represent a single mi-
crochannel and the surrounding silicon substrate. The overall dimensions of the model are
length L = 10 mm, height H = 0.35 mm and width W = 0.25 mm. The internal flow passage
has an unobstructed microchannel width W, = 0.10 mm and an unobstructed microchannel
height H,, = 0.20 mm, corresponding to a cross-sectional area A, = W_,H,, = 0.020 mm?
and a hydraulic diameter D;, = 2WH,/(W ,, + Hy,) = 0.1333 mm.

The triangular ribs are characterized by a triangular frontal cross-section defined
directly in the channel transverse plane, as shown in Figure 2a. Rib height # and width w
therefore determine the area projected normal to the mean flow direction. The triangular
cross-section was extruded over a constant streamwise rib thickness t,;; = 0.05 mm for all
configurations. The percentage frontal-area blockage ratio is defined as
Arih

BR =100
Ach

(5)

where A,;, is the projected rib area and A, is the unobstructed channel cross-sectional area.
For the triangular ribs, A,;, = h w/2 whereas for the rectangular rib, A,;;, = h w.
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Figure 1. Full-length computational domain with boundary conditions.
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Figure 2. Front view showing the dimensions of the MCHS (a), and three-dimensional view of the
periodic computational module with dimensions and boundary conditions (b).

To reduce the computational cost of the parametric investigation, the repeated ribbed
region was represented by a periodic computational module with length L
two staggered ribs, as illustrated in Figure 2b.

per CONtaining

The investigated configurations illustrated in Figure 3 and summarized in Table 1 were
selected according to a sequential parametric approach, aimed at progressively investigating
the effects of rib shape, width, height, and spacing. Particular attention was given to identifying
pairs of configurations with the same frontal-area blockage ratio but different rib dimensions,
allowing the influence of the spatial distribution of the obstruction to be assessed. The adopted
nomenclature, described below, reflects the geometric parameters varied in the investigation,
while the rationale behind the selection of the different configurations is further discussed
through the comparative analysis of the results presented in Section 4.

A total of ten configurations were considered: one smooth microchannel, hereafter
denoted as “smooth”; one microchannel equipped with rectangular ribs, denoted as “rect”;
and eight configurations incorporating triangular ribs.

The triangular-ribbed configurations are identified using the compact notation
“hiwjsk”, where the letters h, w, and s refer to rib height, rib width, and rib spacing, re-
spectively, and the integers 7, j and k identify the corresponding geometric level. For rib
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height and width, the numerical indices i and j represent fractions of the unobstructed
microchannel height H, and width W_,,. Specifically,
i

h = ZII_Ichr w = fIWCh (6)

with i,j = 1,2,3,4, corresponding to 25%, 50%, 75%, and 100% of the channel height or
width, respectively. Thus, for example, h4w2sl denotes a triangular rib extending over the
full channel height (h = H,,) and one-half of the channel width (w = 0.5W ;). The spacing
index k does not represent a geometric fraction, but identifies one of the three investigated
streamwise rib spacings: sl, s2, and s3, corresponding to s = 0.20, 0.30, and 0.40 mm,
respectively. This notation provides a concise means of identifying each configuration while
clearly distinguishing the independent variations in rib height, width, and spacing.

Table 1. Geometrical parameters of the studied designs.

Configuration L, [mm] h [mm] w [mm] s [mm] BR [%]
smooth 0.45 0 0 0 -
rect 0.45 0.20 0.025 0.2 25.0
h4wlsl 0.45 0.20 0.025 0.2 12.5
h4w2s1 0.45 0.20 0.050 0.2 25.0
h4w3s1 0.45 0.20 0.075 0.2 375
hlw4sl 0.45 0.05 0.100 0.2 12.5
h2w4sl 0.45 0.10 0.100 0.2 25.0
h3w4sl 0.45 0.15 0.100 0.2 37.5
h4w3s2 0.65 0.20 0.075 0.3 37.5
h4w3s3 0.85 0.20 0.075 0.4 375

For the full-length domain, a uniform inlet velocity was imposed and adjusted to
obtain the prescribed Reynolds number, while the inlet water temperature was fixed at
300 K. A pressure-outlet boundary condition with a gauge pressure of 0 Pa was imposed
at the channel exit. A uniform heat flux of g, = 10° W/m? was applied to the bottom
surface of the silicon substrate. Symmetry conditions were imposed on the external lateral
planes of the silicon domain, representing an idealized array of adjacent microchannels
operating under identical thermal and hydraulic conditions. Such an arrangement may
be realized by placing neighbouring microchannels in a mirror-symmetric configuration,
even when the ribs within each individual channel are staggered. The remaining external
silicon surfaces were treated as adiabatic. At the water—silicon interfaces, including the
rib surfaces, no-slip and thermally coupled boundary conditions were imposed, ensuring
continuity of temperature and heat flux across the interface. For the reduced computational
modules, the two streamwise end planes, identified as periodic interfaces in Figure 2b, were
defined as a translational periodic pair. The imposed flow rate was selected so that the
Reynolds number, based on the unobstructed channel cross-sectional area and the reference
hydraulic diameter D), matched the corresponding full-domain condition, and the bulk
temperature on the inlet periodic interface was set to 300 K. For the periodic simulations,
the mass flow rate corresponding to the prescribed Reynolds number was imposed, while
no inlet or outlet pressure values were explicitly specified. Instead, ANSYS Fluent 2025R1
automatically determined the mean streamwise pressure gradient required to maintain the
prescribed mass flow rate [44].
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smooth

h4w1sl h4w2sl h4w3sl

hlw4sl h2w4sl h3w4sl

¢ &

Figure 3. Configurations of the investigated periodic MCHS modules.

h4w3s2

2.3. Solution Methods and Convergence Criteria

The governing equations were solved using the finite-volume method implemented
in ANSYS Fluent 2025R1 [44], using double precision. Pressure-velocity coupling was
performed using the coupled algorithm. Spatial discretization of the momentum and
energy equations was performed using second-order upwind schemes. The normalized
residual convergence criteria were set to 10~ for continuity and momentum and to 10~°
for the energy equation. Residual convergence alone was not considered sufficient; the
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solution was accepted only after monitored integral quantities, including pressure drop
and characteristic fluid /wall temperatures, had reached steady values.

2.4. Data Reduction

Several parameters were used to characterize the flow and heat-transfer behaviour
within the MCHS studied. The Reynolds number is defined as Re = psu,, D)/ ji¢, where
u,, is the mean velocity based on the unobstructed channel cross-section and D, is the
hydraulic diameter of the smooth channel. The same reference hydraulic diameter is used
for all ribbed configurations.

The average Fanning friction factor was calculated from the pressure drop along the
computational domain as f = DhApper/ (2 Lperpfu%q), where Ap,,, is the pressure loss over

the periodic module and L,,, is the corresponding module length. For the full-length

per
validation model, L is used instead of L,
The average heat-transfer coefficient was determined using the relation

. qnAn 7)

Ag(Ty = To)

where A, is the externally heated silicon base area, Asf is the total water—silicon heat-transfer
interface within the evaluation domain, T is its area-weighted mean temperature, and T}, is
the representative bulk temperature, calculated as the average between mass-weighted inlet
and outlet temperatures on the considered domain. The corresponding average Nusselt
number was evaluated as Nu = aD, /k;.

The conventional average heat-transfer coefficient « is based on the actual fluid-solid
interfacial area A, which varies with rib geometry. Consequently, an increase in this area
reduces the average heat flux per unit interfacial area for a given total heat-transfer rate,
without necessarily implying a reduction in the overall cooling effectiveness. To account for
this aspect, a complementary overall heat-transfer coefficient «;, is introduced using the fixed
heated-base area Aj, and the temperature difference T;, — T}, where T}, is the area-weighted
mean temperature of the externally heated silicon base

In
=TT, (8)
The corresponding overall Nusselt number Nuy, = a;, D), / k¢ reflects the combined effects
of conduction through the silicon structure and convection to the coolant, without explicitly
depending on A,;. Thus, while Nu characterizes the average convective performance at
the fluid—solid interface, Nu,, provides a complementary measure of the overall heat sink
effectiveness in cooling the heated surface, allowing a better comparison of the performances
yielded by different geometries.
To compare the performance of the enhanced microchannels with the smooth baseline,
the performance-evaluation criterion (PEC) was calculated as follows [42]:

Nu [f\"
PEC = —/ ( —) 9)
Nuy "\ fo
where Nu, and f; refer to the smooth microchannel at the same Reynolds number. The ex-
ponent provides the conventional equivalent-pumping-power comparison for geometrically
similar channels.
The performance-evaluation criterion yielded by the overall heat-transfer coefficient

_ Nuh f 173
PEC, = Nuy /(jTO) (10)

defined by Equation (8) is
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where Nu;, and Nuy, ; refer to the ribbed and smooth channel, respectively. The comparison
between PEC and PEC;, makes it possible to assess whether the thermohydraulic advantages
identified using the conventional Nusselt number are also retained when the performance
evaluation is referred to the heated surface. This distinction is particularly relevant for
configurations with different rib dimensions and spacings, which modify both the fluid-
solid contact area and the flow structures responsible for heat-transfer enhancement.

The energy transfer process in a MCHS can also be assessed using parameters based
on the Field-Synergy Principle, such as the local synergy angle between the velocity vector
and the temperature gradient [45,46]

4 wVT
B = cos ( ] |VT|) (11)
and domain integration mean synergy angle [45,46]
[ uVT dQ)
— cog-1[ 20 _ 12
P = cos (fnml vTId0 ) (12

where Q) represents the fluid domain.

3. Grid Independence and Model Validation

Before performing the parametric analysis, the numerical methodology was assessed
through a grid-independence study and three complementary validation steps. These
included comparison with experimental data for a smooth microchannel, comparison with
published numerical results for a ribbed microchannel, and verification of the reduced
periodic-domain approach against the corresponding full-length model.

3.1. Grid-Independence Study

An unstructured tetrahedral mesh was employed throughout the computational do-
main, with local refinement near the fluid-solid interfaces and rib surfaces to adequately
resolve the velocity and temperature gradients. Grid-independence studies were carried
out at Re = 300 for three representative configurations: the smooth microchannel, the
rectangular-ribbed microchannel, and the triangular-ribbed configuration h4w2s1. The
latter two configurations were selected to assess mesh sensitivity in the presence of different
rib geometries. Five progressively refined meshes were examined for each configuration,
monitoring the average Nusselt number Nu and the Fanning friction factor f.

The relative percentage error between the value of the parameter obtained using
a coarser mesh i and the value obtained with the finest mesh was calculated using the
following expression:

(ijinest - (ij'

100 (13)
(Dfinest ‘

co=|
where (@ denotes either Nu or f, @, is the value obtained with the considered mesh, and
Qﬁfim,st is the value obtained using the finest mesh. For the smooth microchannel, the relative
differences between the two finest meshes were only 0.35% for Nu and 0.15% for f. Since
the ribbed configurations involve more complex flow and temperature fields, only their
grid-refinement results are reported in Table 2. Comparing the adopted fourth mesh with
the fifth (finest) mesh gives relative differences of 0.78% in Nu and 0.21% in f for rect,
and 0.27% in Nu and 0.25% in f for h4w2s1. The fourth mesh was therefore selected as a
compromise between computational cost and mesh sensitivity. The final mesh is depicted
in Figure 4 for the rectangular-ribbed channel. The same meshing strategy, including local
refinement near solid—fluid interfaces and ribs, was applied to the other configurations,
adjusting the mesh density to their geometries.
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Table 2. Grid-independence study for the rectangular and triangular-ribbed MCHSs at Re = 300.
Differences are relative to the finest mesh of each configuration.

Configuration = Number of Cells fl-1 es (%) Nu [—] enul %]
Rectangular 15,808 0.11822 6.96 13.641 33.85
340,676 0.11180 1.15 10.651 4.51
643,676 0.11114 0.55 10.430 2.35
1,272,848 0.11076 0.21 10.270 0.78

2,570,511 0.11053 Baseline 10.191 Baseline
h4w2s1 42,680 0.12215 7.39 11.468 7.71
365,420 0.11684 2.73 10.936 2.71
748,350 0.11504 1.14 10.781 1.26
1,486,720 0.11403 0.25 10.676 0.27

2,964,580 0.11374 Baseline 10.647 Baseline

Figure 4. Computational mesh of the rectangular-ribbed MCHS.

To complement the conventional grid-independence analysis, the numerical discretiza-
tion uncertainty was estimated using the Grid Convergence Index (GCI) method proposed
by Roache [47]. The analysis was performed using Meshes 2, 3, and 4, with refinement
ratios estimated from the total number of computational cells and a safety factor of 1.25.
The apparent orders of convergence were 1.77 and 2.84 for Nu and f, respectively, in the
rectangular-ribbed configuration, and 1.48 and 2.28 in the triangular-ribbed configuration.
The corresponding GCI values for the adopted fourth mesh were 3.94% for Nu and 0.47%
for f for the rectangular-ribbed configuration, and 3.05% for Nu and 1.62% for f for the
triangular-ribbed configuration. These results, together with the small variations observed
upon further mesh refinement, support the selection of Mesh 4 as a reasonable compromise
between discretization uncertainty and computational cost.

3.2. Validation for the Smooth MCHS

The numerical methodology was first validated against the experimental data reported by
Chai et al. [13] for a smooth microchannel. The reference geometry and operating conditions
were reproduced according to the original study. Figure 5 compares the present predictions
with the published results in terms of Nusselt number and Fanning friction factor.
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Figure 5. Comparison of the present numerical predictions with the numerical and experimental
results of Chai et al. [13]: Nusselt number (a) and Fanning friction factor (b).

As shown in Figure 5a, the predicted Nusselt numbers reproduce both the magnitude
and the Reynolds-number dependence of the experimental data. Based on linear interpola-
tion of the experimental data at the Reynolds numbers simulated in the present study, the
mean absolute relative deviation is 2.08%, with a maximum deviation of 2.90%. Figure 5b
shows similarly satisfactory agreement for the Fanning friction factor, with a mean absolute
relative deviation of 5.30% and a maximum deviation of 7.09%. These results indicate that
the adopted numerical methodology provides an adequate prediction of both heat-transfer
and hydraulic behaviour for the smooth microchannel.

3.3. Validation for the Ribbed MCHS

A second validation was performed to assess the capability of the numerical model to
reproduce heat transfer and pressure losses in the presence of internal ribs. The geometry
and operating conditions reported by Li et al. [17] were reproduced, and the present
predictions were compared with their numerical results in terms of maximum base-wall
temperature and pressure drop.

Figure 6a shows excellent agreement for the maximum wall temperature, with a mean
absolute relative deviation of 0.12% and a maximum deviation of 0.30%. The pressure-
drop comparison reported in Figure 6b also shows satisfactory agreement. The mean
absolute relative deviation is 3.97%, while the largest discrepancy, 12.61%, occurs at the
lowest investigated Reynolds number, Re = 80. Excluding this point, the mean pressure-
drop deviation decreases to 1.81%. Overall, the agreement obtained for both thermal
and hydraulic quantities provides additional support for the applicability of the present
numerical approach to ribbed microchannels.

360 T T T 1.3 T T T
Numerical —m— Numerical —— |
Present —e— Present —e—
357 -
354 -
< ©
— o
5351 - =3
3 Q
~ <
348 |- g
345 |-
342 0.4 L L !
80 100 120 140 160 80 100 120 140 160
Re Re
(a) (b)

Figure 6. Comparison of the present numerical predictions with the numerical results of Li et al. [17]:
maximum base-wall temperature T,,,, (a) and pressure drop Ap (b).
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3.4. Validation of the Periodic-Domain Approach

Since the parametric investigation was performed using reduced periodic computa-
tional modules, the periodic-domain approach was independently assessed against the
corresponding full-length microchannel model. For this purpose, the comparison was not
based on quantities averaged over the entire full-length channel, since these would also
include the developing entrance region. Instead, the Nusselt number and Fanning friction
factor were evaluated over a downstream section located near the outlet of the full-length
domain, where entrance effects are substantially reduced, and the flow and thermal fields
approach their developed behaviour.

The results obtained over this downstream evaluation section were then compared
with those predicted by the periodic computational module under the same Reynolds
number, fluid properties, and applied heat flux. The downstream evaluation section had
the same streamwise length as the corresponding periodic module, so that the two sets of
quantities were evaluated over equivalent axial extents.

Figure 7 compares the Fanning friction factor and Nusselt number obtained from the
periodic module, referred to as “periodic domain” in the figure, with those evaluated over
the downstream section of the full-length model, referred to as “small portion of the domain”
in the figure. The Nusselt-number predictions show very close agreement over the entire
Reynolds-number range, with a mean absolute relative deviation of 0.70% and a maximum
deviation of 1.40%. The corresponding Fanning friction factor has a mean absolute relative
deviation of 1.59%, with a maximum deviation of 2.57%. These results indicate that the
periodic computational module adequately reproduces the thermohydraulic behaviour
observed in the downstream region of the full-length channel while substantially reducing
the computational cost. The periodic-domain approach was therefore adopted for the
subsequent parametric investigation.

6.5 T T T T T 0.175 T T T T T

Full length —a&— Full length —&—
Periodic —e— |

Periodic —e— 3 0150‘

0.125
« 0.100

0.075

0.050

45 1 1 1 1 1 0.025 1 1 1 1 1
100 150 200 250 300 350 400 100 150 200 250 300 350 400

(a) Re (b) Re

Figure 7. Validation of the periodic-domain approach by comparison with quantities evaluated over
the downstream section of the full-length microchannel: Fanning friction factor (a) and Nusselt
number (b).

4. Results and Discussion

The numerical results are presented and discussed in this section with the aim of
clarifying the influence of rib geometry on the thermal and hydraulic behaviour of the
microchannel heat sink. The analysis first focuses on the effect of rib shape through the
comparison between the smooth, rectangular-ribbed, and triangular-ribbed configurations.
The influence of the main geometric parameters of the transverse-section triangular ribs
is then examined by varying rib width and height, followed by a direct comparison of
configurations having matched frontal-area blockage ratios. Finally, the effect of rib spacing
is assessed for the best-performing triangular configuration identified within the investi-

https://doi.org/10.3390/fluids11110276


https://doi.org/10.3390/fluids11110276

Fluids 2026, 11, 276

15 of 35

gated parameter range. The discussion considers both thermal enhancement and hydraulic
penalty through the combined analysis of wall temperature, Nusselt number, Fanning
friction factor, and PEC.

4.1. Effect of Rib Shape: Comparison of Smooth, Rectangular, and Triangular Microchannels

The first stage of the investigation examines the effect of rib shape by comparing the
smooth microchannel with the rectangular-ribbed configuration (rect) and the transverse-
section triangular-ribbed configuration h4w2s1. The rectangular and triangular ribs were
designed with the same frontal-area blockage ratio, BR = 25%. Therefore, both configura-
tions obstruct the same fraction of the unobstructed channel cross-sectional area, providing
a controlled basis for assessing the influence of rib profile on the resulting thermal and
hydraulic behaviour.

To examine the flow and thermal mechanisms associated with the different geometries,
Figures 8-10 present the velocity and temperature fields at the highest investigated Reynolds
number, Re = 400. The flow direction is always from right to left. On the left, the velocity
magnitude and velocity vectors are shown on two horizontal planes located at z = 0.22 H,
and z = 0.78 H,, hereafter referred to as the lower and upper planes, respectively. These
two locations were selected to highlight the different flow disturbances induced by the
rib geometry across the channel height. On the right, the temperature distribution on the
fluid—solid interface, i.e., the microchannel walls, is reported.

27
7
n,'//
7
g7
7 4
(b)
0 U [m/s] 10 317.5 T K] 319.0

Figure 8. Velocity and temperature fields for the smooth MCHS at Re = 400: velocity-magnitude
contours with velocity vectors (a); temperature distribution on the microchannel walls (b).

In the smooth microchannel (Figure 8), the velocity field remains regular and symmet-
ric, with the highest velocities concentrated in the central portion of the channel. The absence
of internal flow promoters allows the thermal boundary layer to develop without periodic
disruption, resulting in the highest wall temperatures among the three configurations.

The introduction of rectangular ribs substantially modifies the flow field (Figure 9).
The fluid is accelerated around the obstruction, while low-velocity recirculation regions
develop downstream of each rib. Because the rectangular rib spans the full channel height,
comparable disturbances are observed on the two horizontal planes considered. These
repeated separation and reattachment processes modify the local thermal field and interrupt
the progressive development of the near-wall thermal boundary layer.
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[
0 U [m/s] 10 307.5 T [K] 309.0

Figure 9. Velocity and temperature fields for the rectangular (rect) MCHS at Re = 400: velocity-magnitude
contours with velocity vectors (a); temperature distribution on the microchannel walls (b).

(b)

EETT 000 T
0 U [m/s] 10 307.0 T [K] 308.0

Figure 10. Velocity and temperature fields for the h4w2s1 MCHS at Re = 400: velocity-magnitude
contours with velocity vectors (a); temperature distribution on the microchannel walls (b).

A different flow redistribution is observed for the transverse-section triangular ribs
(Figure 10). Owing to the variation in rib width along the channel height, the obstruction
imposed on the flow is inherently non-uniform in the vertical direction. The lower plane,
where the triangular rib occupies a larger fraction of the local passage width, exhibits
stronger flow deflection and a more pronounced downstream recirculation region, whereas
the upper plane remains comparatively less disturbed. The triangular geometry therefore
generates a vertically non-uniform redistribution of momentum that differs fundamentally
from that produced by the full-height rectangular rib, despite the identical frontal-area
blockage ratio.

The corresponding temperature field also reflects this difference. Both ribbed configu-
rations reduce the wall temperature relative to the smooth channel, but the triangular ribs
produce a more marked local redistribution of the thermal field around the rib surfaces
and in their downstream regions. From Figure 10b, it can be observed that, for triangular
ribs, the minimum temperature regions are located on the rib surfaces rather than on the
channel walls. This behaviour can be attributed to the local impingement of relatively cooler
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fluid redirected towards the inclined triangular-rib surfaces, as suggested by the velocity
vectors in Figure 10a. The resulting local enhancement of convective heat transfer produces
a non-uniform temperature distribution along the rib height and modifies the temperature
gradients on the fluid—solid interface. The observed mechanisms are qualitatively consistent
with previous studies of ribbed microchannels, in which heat-transfer enhancement has
been associated with flow separation, wake formation, fluid redistribution, and repeated
disruption and redevelopment of the thermal boundary layer [29,30,33,34]. However, direct
quantitative comparison with those studies is not appropriate because the triangular profiles
considered therein differ in orientation and geometric definition from the transverse-section
ribs investigated here.

Figure 11 provides the quantitative comparison in terms of average heated-wall tem-
perature, Nusselt number, Fanning friction factor, and PEC. The average wall temperature
decreases with increasing Reynolds number for all configurations (Figure 11a), as expected
from the increased coolant flow rate. Both ribbed channels maintain lower wall temperatures
than the smooth reference over the entire investigated range. At lower Reynolds numbers,
the rectangular-ribbed configuration provides slightly lower wall temperatures than hdw2s1;
however, the difference progressively decreases, and the triangular-ribbed configuration be-
comes thermally more effective as the Reynolds number increases. At Re = 400, the average
wall temperature is approximately 320 K for the smooth channel and about 310 and 309 K for
the rectangular and triangular configurations, respectively. A similar behaviour is observed
for the Nusselt number (Figure 11b). The smooth microchannel exhibits a relatively weak
dependence of the Nusselt number on Reynolds number, whereas the ribbed configurations
show a much more pronounced increase in Nu as Reynolds number increases. At Re = 400,
Nu increases from 6.16 for the smooth channel to 12.73 for the rectangular-ribbed case and
14.23 for h4w?2s1. These values correspond to Nusselt number enhancements of 106.7% and
131.0%, respectively, compared to the smooth microchannel. The rectangular rib provides a
marginally higher Nusselt number at lower Reynolds numbers, whereas the triangular rib
becomes increasingly advantageous as the Reynolds number increases, with a reversal in
their relative performance occurring around Re = 200. This behaviour can be interpreted
in terms of the different flow redistribution mechanisms induced by the two geometries.
Although the rectangular and triangular ribs have the same frontal-area blockage ratio, the
rectangular ribs produce a more uniform obstruction along the channel height, whereas
the triangular ribs induce a vertically non-uniform redistribution of the flow, as illustrated
in Figures 9 and 10. As Reynolds number increases, inertial effects become progressively
more important, modifying the relative effectiveness of these mechanisms and favouring
the heat-transfer enhancement associated with the triangular geometry at higher Reynolds
numbers. This Reynolds-number-dependent change in ranking is consistent with previous
observations that the relative performance of different rib profiles depends strongly on the
operating conditions and cannot be established from rib shape alone [29-31].

The enhancement in heat transfer is accompanied by an increase in hydraulic resistance.
As shown in Figure 11d, the Fanning friction factor of both ribbed configurations remains
substantially higher than that of the smooth channel. At Re = 400, f is approximately 0.040
for the smooth configuration and about 0.092 and 0.100 for the rectangular and h4w2s1
configurations, respectively. This behaviour results from the combined effects of flow
constriction, acceleration around the ribs, separation, recirculation, and form drag. Similar
thermal-hydraulic trade-offs have been reported for triangular and other rib geometries
in microchannels [29,30,33,34]. The combined effect of heat-transfer enhancement and
hydraulic penalty is summarized by the PEC in Figure 11e. At the lowest Reynolds numbers,
both ribbed configurations provide PEC values close to or below unity, indicating that the
heat-transfer enhancement is not yet sufficient to compensate for the associated increase
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in flow resistance according to the adopted performance criterion. The rectangular rib
performs slightly better in this range. As Reynolds number increases, however, the stronger
increase in Nusselt number produced by the triangular rib progressively compensates for
its somewhat higher friction factor. The two configurations exhibit comparable performance
around Re = 200, after which h4w2s1 becomes superior. At Re = 400, PEC reaches 1.71 for
the triangular configuration compared with 1.57 for the rectangular one, corresponding to
an improvement of 8.7%. The complementary indicators based on the externally heated
surface, shown in Figure 11cf, confirm the general trends observed for the conventional
Nusselt number and PEC. In particular, both Nu, and PEC; reproduce the Reynolds-
number-dependent change in the relative performance of the rectangular and triangular ribs,
with h4w2s1 becoming more advantageous at higher Reynolds numbers. This agreement
indicates that the improved performance of the triangular configuration is also retained
when the cooling effectiveness is evaluated with reference to the heated base.
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Figure 11. Quantitative comparison of the smooth, rectangular, and h4w2s1 MCHS configurations at
different Reynolds numbers in terms of: average heated-wall temperature (a), Nusselt number (b),
overall Nusselt number (c), Fanning friction factor (d), PEC (e), and PEC,, (f).

These results show that maintaining the same frontal-area blockage ratio does not
lead to equivalent thermohydraulic behaviour. The manner in which the obstruction is
geometrically distributed within the channel cross-section substantially affects the induced
flow structures and their interaction with the thermal field. On the basis of this comparison,
the transverse-section triangular rib was retained for the subsequent parametric investigation
of rib width, height, and spacing.

4.2. Effect of Triangular-Rib Width on Thermohydraulic Performance

Following the rib-shape comparison, the influence of triangular-rib width was investi-
gated by considering configurations h4w1s1, h4w2sl1, and h4w3s1. In this series, the rib
height is maintained equal to the full channel height, h = H_;, = 0.20 mm, and the spacing is
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330 T

fixed at s = 0.20 mm, while the rib width is increased from 0.025 to 0.075 mm. Consequently,
the frontal-area blockage ratio increases from 12.5% to 37.5%.

Since the fundamental flow and heat-transfer mechanisms associated with triangular
ribs were clarified in the previous section, the parametric investigations of rib width, height,
and spacing in the following subsections prioritize quantitative performance analysis. Ac-
cordingly, the results are first discussed in terms of average heated-wall temperature, Nu, f,
and PEC, followed by selected qualitative fields to elucidate the physical origins of the ob-
served trends. Figure 12 summarizes the corresponding thermal and hydraulic performance.
Increasing rib width produces a marked reduction in the average heated-wall temperature,
particularly at the higher Reynolds numbers. At Re = 400, the wall temperature decreases
from approximately 317 K for h4w1sl to about 309 K for h4w2s1 and approximately 305 K
for h4w3s1.
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Figure 12. Quantitative comparison of the smooth, h4w1s1, h4w2s1 and h4w3s1 MCHS configurations
at different Reynolds numbers in terms of: average heated-wall temperature (a), Nusselt number (b),
overall Nusselt number (c), Fanning friction factor (d), PEC (e), and PEC,, (f).

The effect of rib width therefore becomes progressively more pronounced as the
Reynolds number increases. This trend is reflected in the conventional Nusselt number
(Figure 12b). At Re = 400, Nu increases from 6.97 for h4w1sl to 14.23 for h4w2s1 and 28.10
for hdw3s1. Thus, tripling the rib width from 0.025 to 0.075 mm produces an approximately
fourfold increase in Nusselt number within the investigated range. This enhancement
cannot be attributed solely to the increase in heat-transfer surface area. Indeed, at Re = 400,
the h4w3s1 configuration exhibits a fluid—solid interfacial area per unit channel length
only 10.6% larger than that of the smooth microchannel, whereas its conventional Nusselt
number is approximately 356% higher. The complementary overall Nusselt number Nu,,
(Figure 12c¢), defined with reference to the fixed heated-base area, exhibits a similar depen-
dence on rib width and Reynolds number. From a fluid-dynamic perspective, increasing rib
width causes a progressively larger fraction of the channel cross-section to be intercepted
by the obstruction, producing stronger flow deflection, local acceleration, separation, and
redistribution of momentum within the channel. Despite the substantial increase in hy-
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draulic resistance (Figure 12d), the PEC (Figure 12e) improves with rib width, particularly
at higher Reynolds numbers. At Re = 400, PEC increases from 1.04 for h4wls1 to 1.71
for h4w2s1 and 2.40 for h4w3s1. The complementary PEC,, (Figure 12f) exhibits a similar
trend, with the thermohydraulic advantage of wider ribs becoming progressively more
pronounced as Reynolds number increases. Therefore, both performance criteria indicate
that the additional heat-transfer enhancement outweighs the associated hydraulic penalty
at higher Reynolds numbers. Within the investigated range, h4w3s1 provides the highest
overall thermohydraulic performance and is consequently retained for the subsequent
spacing investigation.

The velocity and thermal fields shown in Figures 10, 13 and 14 support this interpre-
tation. The narrow h4w1s1 rib produces relatively limited disturbance of the main flow,
whereas increasing the width progressively enlarges the region affected by the rib and
strengthens the downstream separated flow. The local cooling patterns associated with
fluid impingement on the inclined triangular-rib surfaces become more pronounced as rib
width increases, as illustrated by the comparison between Figures 13b and 14b. In particular,
the narrower ribs of h4w1s1 induce weaker flow deflection, making these low-temperature
regions less evident. The h4w3s1 configuration consequently exhibits the strongest modifi-
cation of the near-rib flow field and the lowest wall-temperature levels. Similar qualitative
trends have been reported in previous investigations in which increasing triangular-rib
dimensions enhanced heat transfer by intensifying flow disturbance and boundary-layer
redevelopment [32,34,36].

(b)

[
315.0 T [K] 316.5

Figure 13. Velocity and temperature fields for the h4w1s1 MCHS at Re = 400: velocity-magnitude
contours with velocity vectors (a); temperature distribution on the microchannel walls (b).

The thermal improvement is accompanied by a considerable hydraulic penalty. As
shown in Figure 12d, at Re = 400 the Fanning friction factor increases from 0.052 for h4w1s1
to 0.100 for h4w2s1 and 0.279 for h4w3s1. The increase becomes particularly pronounced
for the widest rib, indicating that form drag and losses associated with flow separation
become increasingly important as the blockage ratio increases.

Unlike h4w1sl and h4w?2sl, for which the friction factor decreases monotonically with
Reynolds number, h4w3s1 exhibits a minimum at approximately Re = 250, followed by
a slight increase at higher Reynolds numbers. This departure from the general trend is
associated with the flow structures shown in Figure 15, which presents the velocity vectors
on the plane z = 0.22H;, for h4w2s1 and h4w3s1 at different Reynolds numbers. Velocity
vectors are displayed with uniform length, regardless of their magnitude, to highlight the
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local flow structures. For h4w2s1, the recirculation region downstream of the ribs progres-
sively enlarges as the Reynolds number increases, indicating increasingly pronounced flow
disturbance. In contrast, for hdw3s1, the recirculation zone increases in size from Re = 100
to 250 and subsequently decreases as the Reynolds number rises from 250 to 400. This
reorganization of the downstream recirculation pattern is consistent with the observed
change in friction-factor behaviour, since variations in flow separation and reattachment
can alter the overall hydraulic resistance at higher Reynolds numbers. To investigate this
behaviour more quantitatively, the three-dimensional flow fields of configurations h4w2s1
and h4w3s1 were analyzed using two complementary parameters characterizing the regions
of reverse axial flow. Previous numerical investigations have quantified the extent of reverse
flow by identifying regions characterized by a negative streamwise velocity component and
evaluating their volume relative to that of the fluid domain [48,49]. Following a similar
approach, the reverse flow volume fraction R,,, is defined as the percentage of the total
fluid volume in which the streamwise velocity component is negative. To complement
this geometrical measure, a reverse flow intensity index I,,, is introduced in the present
study. This parameter represents the percentage contribution of these regions to the volume
integral of the absolute streamwise velocity component over the entire fluid domain. The
two parameters are defined as follows:

100
Rrev = ﬁ QH(_ua) aQ (14)
H(- dQ)
L = 100 Ja -

Joy I O
respectively, where () is the total fluid volume, u, is the streamwise velocity component, and
H(—u,) is equal to unity for u, < 0 and zero otherwise. While R,,, quantifies the spatial
extent of reverse axial flow, I,,,, additionally accounts for its relative intensity.

|
0 U [m/s] 10 303.0 T [K] 304.5

Figure 14. Velocity and temperature fields for the h4w3s1 MCHS at Re = 400: velocity-magnitude
contours with velocity vectors (a); temperature distribution on the microchannel walls (b).

The results reported in Table 3 reveal markedly different flow behaviours for the
two configurations. For h4w2s1, both reverse flow indicators increase monotonically with
Reynolds number, while over the same Reynolds number range the Fanning friction factor
decreases continuously. In contrast, h4w3s1 exhibits a non-monotonic variation in the
reverse flow volume fraction, which increases from 11.76% at Re = 100 to a maximum
of 14.13% at Re = 200 and then generally decreases, reaching 12.59% at Re = 400. Con-
versely, the reverse flow intensity index increases continuously throughout the investigated
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Reynolds number range, from 0.60% to 2.29%. In particular, between Re = 250 and Re = 400,
the reverse flow volume fraction of h4w3s1 decreases by approximately 8.7%, while its in-
tensity index increases by approximately 47%, which means that the reduction in the spatial
extent of reverse axial flow is accompanied by an increase in its relative intensity. Over the
same interval, the Fanning friction factor increases from 0.26449 to 0.27909, corresponding
to an increase of approximately 5.5%.

h4w3s1

(a)

h4w?2s1

.-

e

=

=

(b)

Figure 15. Velocity vector fields at different Reynolds numbers for h4w3s1 (a) and h4w?2s1 (b) config-
urations. Velocity vectors are displayed with uniform length on a sectional plane above the channel
base located at z = 0.22 H,;,, while the triangular rib outlines represent the projections of the ribs onto
the channel base plane. Red and blue vectors indicate regions of relatively higher and lower velocity
magnitude, respectively.

Table 3. Fanning friction factor, reverse flow volume fraction, and reverse flow intensity index for
configurations h4w2s1 and h4w3s1 at different Reynolds numbers.

Configuration Parameter Re =100 150 200 250 300 350 400
f -] 0.2677 0.1898 0.1512 0.1288 0.1148 0.1059 0.1004
h4w2s1 R, [%] 4.04 5.47 6.48 7.28 7.95 8.57 9.17
Loy [%] 0.11 0.20 0.29 0.36 0.44 0.51 0.59
f -] 0.4241 0.3192 0.2744 0.2645 0.2709 0.2731 0.2791
h4w3s1 R, [%] 11.76 13.59 14.13 13.80 12.68 12.39 12.59
Loy [%] 0.60 0.96 1.22 1.55 1.84 2.04 2.29

This behaviour quantitatively confirms the Reynolds-number-dependent reorganiza-
tion of the separated flow structures suggested by the velocity vector fields in Figure 15.
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These findings provide quantitative evidence that the non-monotonic friction-factor be-
haviour of h4w3s1 is accompanied by a redistribution of the three-dimensional reverse flow
regions, involving changes in both their extent and relative intensity.

4.3. Effect of Triangular-Rib Height on Thermohydraulic Performance

The second geometric parameter investigated is rib height. Configurations hlw4sl,
h2w4s1, and h3w4s1 have the same full rib width, w = W, = 0.10 mm, and the same spacing
s = 0.20 mm, while the rib height is increased from 0.05 to 0.15 mm. The corresponding
frontal-area blockage ratios are 12.5%, 25%, and 37.5%, respectively.

Figure 16 shows that increasing rib height progressively improves heat removal from
the heated base. The average wall temperature decreases with increasing Reynolds number
for all cases and, at a given Reynolds number, decreases systematically as the rib height
increases. At Re = 400, the average heated-wall temperature is approximately 314 K for
hlw4s1, 310 K for h2w4s1, and 307 K for h3w4s1, compared with approximately 320 K for
the smooth reference. The corresponding Nusselt-number results show the same systematic
dependence on rib height. At Re = 400, Nu increases from 8.59 for hlw4s1 to 11.91 for
h2w4s1 and 18.09 for h3w4sl. Increasing the rib height therefore produces a progressively
stronger enhancement of convection. The alternative indicators Nu;, and PEC;, exhibit
trends broadly consistent with those of the conventional performance parameters. While
Nuy, increases systematically with rib height, PEC,, highlights the stronger relative hydraulic
penalty associated with taller ribs at the lowest Reynolds numbers. As Reynolds number
increases, the additional thermal enhancement becomes progressively more effective in
compensating for this penalty, and h3w4s1 provides the highest PEC;, values among the
configurations with variable rib height.
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Figure 16. Quantitative comparison of the smooth, h1w4s1, h2w4s1 and h3w4s1 MCHS configurations
at different Reynolds numbers in terms of: average heated-wall temperature (a), Nusselt number (b),
overall Nusselt number (c), Fanning friction factor (d), PEC (e), and PEC,, (f).

The velocity fields shown in Figures 17-19 indicate that taller ribs disturb a larger
portion of the channel cross-section and produce more pronounced separated and recircu-
lating regions. This strengthens momentum exchange between different portions of the flow
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and periodically perturbs the thermal boundary layer. Localized low-temperature regions
can also be observed on the inclined rib surfaces in Figures 17b, 18b and 19b, indicating
that the local cooling mechanism associated with flow impingement is also present in the
configurations with variable rib height. The extent and intensity of these regions vary with
rib height, reflecting differences in the local flow deflection and fluid-surface interaction.

() EETT 0 Taaam——

0 U [m/s] 10 312.0 T [K] 3135

Figure 17. Velocity and temperature fields for the h1w4s1 MCHS at Re = 400: velocity-magnitude
contours with velocity vectors (a); temperature distribution on the microchannel walls (b).

0 U [m/s] 10 308.5 T [K] 309.5

Figure 18. Velocity and temperature fields for the h2w4s1 MCHS at Re = 400: velocity-magnitude
contours with velocity vectors (a); temperature distribution on the microchannel walls (b).

The effect of rib height on heat transfer is qualitatively consistent with the findings
of Feng et al. [36], who reported increasing heat-transfer enhancement with increasing
height of partial-height triangular ribs, and with the broader trends reported for periodic
triangular-rib arrangements [38].

The improvement in thermal performance is accompanied by higher hydraulic resistance.
At Re = 400, the Fanning friction factor increases from 0.054 for h1w4s1 to 0.091 for h2w4s1 and
0.166 for h3w4sl. Increasing rib height therefore increases both the fraction of the cross-section
affected by the obstruction and the associated form drag and separation losses. The PEC
results show, however, that the thermal enhancement remains sufficiently large to compensate
for the additional hydraulic penalty over most of the investigated Reynolds-number range.
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At Re = 400, PEC increases from 1.27 for hlw4s1 to 1.48 for h2w4s1 and 1.83 for h3w4sl1.
The advantage of increasing rib height is therefore evident not only from the heat-transfer
coefficient but also from the combined thermohydraulic criterion.

(b)
0 U [m/s] 10 305.0 T [K] 306.5

Figure 19. Velocity and temperature fields for the h3w4s1 MCHS at Re = 400: velocity-magnitude
contours with velocity vectors (a); temperature distribution on the microchannel walls (b).

These results demonstrate that rib height is an effective parameter for strengthening
the interaction between the obstruction and the channel flow. Nevertheless, comparison
with the rib-width series also indicates that configurations having the same blockage ratio
do not necessarily provide equivalent performance. This aspect is examined explicitly in
the following subsection.

4.4. Comparison of Triangular Ribs at Matched-Blockage Ratios

The preceding analyses considered the effects of rib width and height separately.
However, because the triangular frontal area is proportional to the product h-w, the
two geometric series also contain configurations having identical frontal-area blockage
ratios BR but markedly different aspect ratios. Three matched-blockage pairs can be identi-
fied: h4w1lsl and h1lw4sl at BR = 12.5%, h4w2s1 and h2w4s1 at BR = 25%, and h4w3s1
and h3w4sl at BR = 37.5%. Within each pair, one configuration distributes the obstruction
predominantly along the channel height (full-height/variable-width family), whereas the
other distributes it predominantly along the channel width (full-width/variable-height
family). Rib spacing is identical for all these comparisons.

The results clearly demonstrate that equal blockage ratio does not imply equal ther-
mohydraulic behaviour. Moreover, the effect of blockage distribution changes with the
blockage level. At BR = 12.5%, the full-width/low-height configuration h1w4s1 provides
a higher Nusselt number and PEC than the corresponding full-height/narrow configu-
ration hd4w1sl. From Figures 12 and 16, at Re = 400, Nu is 8.59 for hlw4s1 compared
with 6.97 for hdwls1, while the corresponding PEC values are 1.27 and 1.04. Thus, at
relatively low blockage, distributing the triangular obstruction over a larger fraction of the
channel width appears more effective than extending a narrow obstruction over the full
channel height. The relative behaviour changes at BR = 25%. The full-height configuration
h4w2s1 produces a Nusselt number of 14.23 at Re = 400, compared with 11.91 for h2w4sl,
while the corresponding PEC values are 1.71 and 1.48. The full-height/variable-width
arrangement therefore becomes thermohydraulically advantageous at this intermediate
blockage level. The distinction becomes considerably more pronounced at BR = 37.5%.
At Re = 400, hdw3s1 reaches a Nusselt number of 28.10 and a PEC of 2.40, whereas the
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corresponding h3w4s1 configuration reaches Nu = 18.09 and PEC = 1.83. At the highest
blockage ratio, this corresponds to increases of 55.3% in Nusselt number and 30.7% in PEC
for the full-height/variable-width configuration. The full-height configuration also exhibits
a substantially larger friction factor, indicating stronger flow obstruction and form drag;
nevertheless, the additional heat-transfer enhancement is sufficiently large to produce a
higher PEC.

These comparisons indicate that the frontal-area blockage ratio alone is insufficient to
characterize the performance of the present triangular ribs. At a fixed value of BR, changing
the rib aspect ratio modifies how the obstruction interacts with different regions of the chan-
nel cross-section, thereby altering flow acceleration, separation and reattachment, recircula-
tion, and thermal-boundary-layer redevelopment. The balance among these mechanisms
depends on the blockage level itself, as demonstrated by the change in ranking between the
BR = 12.5% pair and the higher-blockage configurations. Previous microchannel studies
have independently demonstrated strong effects of triangular-rib width, height, protru-
sion, and orientation on heat transfer and pressure loss [32,34,36-38]. However, within
the literature reviewed in the present work, an equivalent systematic comparison between
full-height/variable-width and full-width/variable-height transverse-section triangular
ribs at matched frontal-area blockage ratios was not identified. The present comparison
therefore highlights a distinct design consideration: not only the amount of frontal blockage,
but also its spatial distribution within the channel cross-section, must be considered when
assessing rib-induced thermohydraulic enhancement.

4.5. Effect of Triangular-Rib Spacing on Thermohydraulic Performance

Based on the preceding parametric analysis, h4w3s1 exhibited the highest PEC among
the investigated width and height configurations and was therefore selected to examine the
effect of rib spacing. Configurations h4w3s1, h4w3s2, and h4w3s3 have identical rib height
and width, corresponding to BR = 37.5%, while the streamwise spacing is increased from
0.20 to 0.40 mm. This comparison therefore allows the effect of rib spacing to be assessed
while maintaining the same frontal obstruction for each individual rib, although both the
disturbance frequency and the fluid-solid interfacial area per unit channel length vary.

Figure 20 shows that reducing rib spacing strongly improves thermal performance. At
Re = 400, the average heated-wall temperature decreases from around 311 K for s = 0.40
mm to about 307 K for s = 0.30 mm and approximately 305 K for s = 0.20 mm. Consistently,
the Nusselt number increases from 12.07 for h4w3s3 to 19.66 for h4w3s2 and 28.10 for
h4w3sl. This behaviour results from the combined effects of the increased fluid—solid
interfacial area per unit channel length and the modifications of the flow field associated
with more closely spaced ribs. In particular, reducing rib spacing increases the frequency of
flow disturbance, as the flow encounters a new obstruction before the velocity and thermal
boundary layers can substantially redevelop toward their undisturbed state.

The variation in the available heat-transfer area can also be quantified by considering
the fluid—solid interfacial area per unit channel length. Reducing rib spacing from 0.40
to 0.20 mm increases this area by approximately 4.7%, whereas the conventional Nusselt
number increases by 132.8% at Re = 400. This comparison further indicates that the
observed enhancement cannot be explained solely by the increase in interfacial area, but
also reflects the modified convective heat-transfer conditions associated with more closely
spaced ribs. The complementary indicators Nu;, and PEC;, confirm the beneficial effect of
reducing rib spacing. Both parameters increase as the ribs are placed closer together, with
h4w3s1 providing the highest PEC), throughout the investigated Reynolds number range.
Thus, the thermohydraulic advantage associated with smaller rib spacing is also confirmed
when the thermal performance is evaluated with reference to the externally heated surface.
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Figure 20. Quantitative comparison of the smooth, h4w3s1, h4w3s2 and h4w3s3 MCHS configurations
at different Reynolds numbers in terms of: average heated-wall temperature (a), Nusselt number (b),
overall Nusselt number (c), Fanning friction factor (d), PEC (e), and PEC, (f).

The velocity and temperature fields in Figures 14, 21 and 22 are consistent with this
interpretation: h4w3s1 exhibits the strongest disturbance and lowest wall-temperature
levels, whereas the longer-spacing configurations allow a greater degree of flow and thermal
recovery between successive ribs. The increased disturbance frequency also produces a
significant pressure-loss penalty. At Re = 400, the Fanning friction factor increases from
0.118 for s = 0.40 mm t0 0.173 for s = 0.30 mm and 0.279 for s = 0.20 mm. Thus, reducing the
spacing by 50% increases the Fanning friction factor by approximately 137%. For h4w3s2 and
h4w3s3, f decreases monotonically with Reynolds number, whereas h4w3s1 retains the non-
monotonic high-Reynolds-number behaviour discussed in Section 4.2. Despite the higher
hydraulic penalty, the PEC increases substantially as rib spacing decreases. At Re = 400,
PEC rises from 1.37 for h4w3s3 to 1.97 for h4w3s2 and 2.40 for h4w3sl. Reducing the
spacing from 0.40 to 0.20 mm therefore increases PEC by 74.5%, demonstrating that, within
the investigated range, the additional heat-transfer enhancement more than compensates
for the associated increase in pressure losses.

This trend agrees qualitatively with the results of Alnaimat et al. [37], who found that
reducing the pitch of triangular sidewall ribs decreases thermal resistance but increases
pumping requirements. Chai et al. [34] likewise identified rib spacing as an important
parameter controlling both heat-transfer augmentation and frictional losses. Although the
geometrical orientation of the ribs in those studies differs from the present transverse-section
configuration, the underlying trade-off between more frequent boundary-layer disruption
and increased hydraulic resistance is consistent.

The present results therefore indicate that rib spacing provides an additional degree of
control over the thermohydraulic performance after rib cross-sectional geometry has been
selected. Within the range 0.2 < s < 0.4 mm, the smallest investigated spacing provides the
highest PEC and PEC;,,.
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It should be noted that h4w3s1 provides the highest values of both PEC and PEC,,
among the investigated configurations. However, since the analysis is limited to selected
rib dimensions and spacings, this result does not necessarily represent a global optimum.

[
0 U [m/s] 10 304.5 T K] 306.5

Figure 21. Velocity and temperature fields for the h4w3s2 MCHS at Re = 400: velocity-magnitude
contours with velocity vectors (a); temperature distribution on the microchannel walls (b).

(b)

0 U [m/s] 10 307.5 T [K] 310.0

Figure 22. Velocity and temperature fields for the h4w3s3 MCHS at Re = 400: velocity-magnitude
contours with velocity vectors (a); temperature distribution on the microchannel walls (b).

4.6. Additional Thermohydraulic Performance Indicators

To complement the preceding parametric analyses, this section provides an overall
assessment of the investigated configurations from two additional perspectives. Field-
synergy analysis is used to further investigate the relationship between flow and heat
transfer, while a direct comparison of pressure drops provides a quantitative evaluation of
the hydraulic penalties associated with the different rib geometries.

Figure 23 shows the relationship between the cosine of the global effective synergy
angle §,, defined by Equation (12) and the heat-transfer enhancement ratios obtained using
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the conventional Nu/Nu, and alternative Nu,, /Nu;, , Nusselt-number definitions. An overall
inverse relationship can be observed, with smaller synergy angles (larger cosines) generally
associated with higher Nusselt-number enhancement ratios. This trend is consistent with
the effects of rib geometry discussed in Sections 4.1-4.5: increasing rib width or height, as
well as reducing rib spacing, generally leads to smaller synergy angles and higher heat-
transfer enhancement. The h4w3sl1 configuration exhibits the lowest synergy angles and
the highest Nusselt number ratios among the investigated geometries. Moreover, within
each configuration, increasing the Reynolds number generally results in smaller synergy
angles and higher enhancement ratios. These observations indicate that the global effective
synergy angle correlates well with the thermal performance trends associated with both rib
geometry and Reynolds number.
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Figure 23. Relationship between the cosine of the global effective synergy angle and the Nusselt-
number enhancement ratios for the investigated ribbed-microchannel configurations: (a) Nu/Nuy;
(b) Nuh/Nuh,O.

An important difference emerges between the two panels. When the conventional
Nusselt number is considered (see Figure 23a), some ribbed configurations exhibit enhance-
ment ratios below unity, despite the additional heat-transfer surfaces. This behaviour arises
from the dependence of the conventional heat-transfer coefficient on the actual fluid-solid
interfacial area. Consequently, a lower conventional Nusselt number does not necessarily in-
dicate poorer overall cooling effectiveness. In contrast, all investigated ribbed configurations
exhibit enhancement ratios greater than unity when the alternative Nusselt number based
on the externally heated surface is considered; see Figure 23b, highlighting the usefulness
of this complementary performance indicator.

The range of cosine values pertaining to the points shown in the graphs of Figure 23
corresponds to relatively high synergy angles, approximately between 84.7° and 87.8°. This
can be attributed to the global nature of ,,, since the integration over the entire fluid
domain accounts for regions characterized by different degrees of alignment between the
velocity and temperature-gradient fields, including regions contributing less effectively
to convective heat transfer. Consequently, localized improvements in field synergy may
produce only limited changes in the global angle, even when they are associated with
substantial heat-transfer enhancement.

To complement the analysis based on the Fanning friction factor, Table 4 reports the
pressure drops for all investigated configurations at Re = 100 and Re = 400, referred to
an equivalent channel length of 10 mm. The corresponding ratios relative to the smooth
microchannel are also provided to facilitate comparison among the different geometries.
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Table 4. Pressure drop over 10 mm and pressure-drop ratio relative to the smooth channel at
Re =100 and 400.

Configuration Ap [KPa] Ap/Ap,
Re =100 Re =400 Re =100 Re =400

smooth 13.36 55.08 1.00 1.00
rect 22.45 125.68 1.68 2.28
h4wlsl 16.07 70.84 1.20 1.29
h4w2s1 22.76 136.61 1.70 2.48
h4w?3s1 36.06 379.72 2.70 6.89
hlw4sl 15.49 72.92 1.16 1.32
h2w4s1 20.72 124.14 1.55 2.25
h3wi4sl 32.22 226.26 2.41 4.11
h4w3s2 29.56 235.04 221 4.27
h4w3s3 26.13 159.89 1.96 2.90

The results are consistent with the trends previously observed for the friction factor,
confirming that the introduction of ribs leads to substantial increases in hydraulic resistance,
which become particularly pronounced for configurations with larger blockage ratios and
smaller rib spacings. At Re = 400, the pressure drop increases from 55.08 kPa for the
smooth microchannel to 379.72 kPa for h4w3s1, corresponding to an increase by a factor of
approximately 6.89. A comparison between the rectangular and triangular configurations
at the same blockage ratio of 25% shows relatively similar pressure losses, with values of
125.68 and 136.61 kPa, respectively.

The influence of rib spacing is also particularly significant. For the h4w3s* config-
urations, increasing the spacing from 0.20 to 0.40 mm reduces the pressure drop from
379.72 to 159.89 kPa at Re = 400, corresponding to a reduction of approximately 58%.
Furthermore, the pressure-drop ratios relative to the smooth microchannel generally in-
crease with Reynolds number, indicating that the hydraulic penalty associated with the
ribs becomes progressively more severe at higher flow rates, particularly for the most
obstructive configurations.

These results highlight the substantial pressure-loss penalties accompanying the heat-
transfer enhancement achieved with the investigated rib geometries. Nevertheless, as shown
by the PEC and PEC), results, h4w3sl remains the best-performing configuration within
the investigated parameter range according to the adopted performance-evaluation criteria,
despite exhibiting the highest pressure drop.

5. Conclusions

A three-dimensional numerical investigation was conducted to assess the thermohy-
draulic performance of a silicon microchannel heat sink equipped with novel staggered
triangular ribs whose triangular cross-section is defined in the plane transverse to the
mean flow direction. Laminar water flow was investigated over 100 < Re < 400, con-
sidering rib shape, width, height, and streamwise spacing. The numerical methodology
was supported by grid-independence analysis, validation against published smooth- and
ribbed-microchannel data, and verification of the periodic-domain approach.

The initial comparison between rectangular and triangular ribs at the same frontal-
area blockage ratio showed that rib shape significantly affects the balance between heat-
transfer enhancement and hydraulic penalty. The rectangular rib provided slightly better
overall performance up to Re = 200, whereas the transverse-section triangular rib became
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increasingly advantageous at higher Reynolds numbers, reaching a PEC 8.7% higher than
that of the rectangular configuration at Re = 400.

Increasing either the width or height of the triangular ribs enhanced heat transfer by
strengthening flow redistribution, separation, recirculation, and thermal-boundary-layer
disruption, although at the expense of increased hydraulic resistance. Within the investi-
gated ranges, increasing rib width produced a stronger thermohydraulic enhancement than
increasing rib height, and the full-height configuration h4w3s1 achieved the highest PEC
and PEC;, among the width- and height-variation cases.

Comparison of configurations at matched frontal-area blockage ratios further demon-
strated that blockage ratio alone is insufficient to characterize rib performance. At
BR = 37.5% and Re = 400, the full-height/variable-width configuration produced a 55.3%
higher Nusselt number and a 30.7% higher PEC than the corresponding full-width/variable-
height configuration.

The complementary indicators Nu;, and PEC;,, based on the heated-base temperature,
generally confirmed the performance trends obtained using the conventional definitions,
indicating that the main conclusions are also retained when the thermal effectiveness is
evaluated with reference to the heated surface.

Rib spacing provided an additional strong influence on performance. For the h4w3s*
configuration family, reducing the spacing from 0.40 to 0.20 mm increased the PEC from
1.37 to 2.40 at Re = 400, although the Fanning friction factor simultaneously increased
from 0.118 to 0.279. Thus, more frequent rib-induced flow disturbance improves the overall
thermohydraulic performance within the investigated range, but with a substantial pressure-
loss penalty.

The additional three-dimensional reverse flow analysis showed that, for h4w3s1, the
reverse flow volume fraction reaches a maximum at Re = 200 and subsequently decreases,
while the reverse flow intensity index increases continuously. This indicates a reorganiza-
tion of the reverse axial flow accompanying the non-monotonic friction-factor behaviour.
Furthermore, the field-synergy analysis revealed a correlation between larger values of the
cosine of the global effective synergy angle and higher Nusselt number enhancement ratios.

Overall, the results demonstrate that the performance of transverse-section triangular
ribs is governed not only by the magnitude of flow obstruction, but also by its distribution
within the channel cross-section and by the frequency of rib-induced disturbance. These
findings offer valuable design guidance for compact and efficient MCHS in laminar flow
applications, such as in electronics cooling and microscale thermal-management systems.
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Nomenclature

Ay unobstructed channel cross-sectional area [m?]
A, heated-wall area [m?]

A projected frontal rib area [m?]

Ay total fluid-solid heat-transfer interface area [m?]
BR frontal-area blockage ratio [%]

Cpr specific heat capacity of the fluid [J/ (kg K)]
D, hydraulic diameter [m ]

e friction-factor relative percentage error [%]

eNu Nusselt number relative percentage error [%]
f Fanning friction factor [—]

h rib height [m]

H heat sink height [m ]

H,, microchannel height [m]

H Heaviside function [—]

Lo reverse flow intensity index [%]

ke fluid thermal conductivity [W/(m K)]

k, solid thermal conductivity [W/(m K)]

L microchannel length [m]

Ly, periodic module length [m]

P static pressure [Pa]

Nu Nusselt number [—]

Nu,, overall Nusselt number [—]

PEC performance-evaluation criterion based on a[—]
PEC, performance-evaluation criterion based on «;,[—]
qn applied wall heat flux [W/m?]

R,eo reverse flow volume fraction [%]

Re Reynolds number [—]

s rib spacing [m]

T temperature [K]

tip streamwise rib thickness [m]

T, representative bulk temperature [K]

Ty mean temperature of the solid—fluid interface [K]
T, mean temperature of the heated base [K]

u, axial (streamwise) velocity component [m/s]
U, mean fluid velocity [m/s]

u velocity vector [m/s]

w rib width [m]

W heat sink width [m]

W, microchannel width [m]

Ap pressure drop [Pa]

AP, pressure drop in a periodic module [Pa]
Greek symbols:

% convective heat-transfer coefficient [W/(m? K)]
ay, overall heat-transfer coefficient [W/(m? K)]

B local synergy angle [°]

B domain integration mean synergy angle [°]

1y dynamic viscosity of the fluid [Pa s]

or density of the fluid [kg/m?]

Q total volume of the fluid domain [m?]
Subscripts:

0 smooth microchannel

ch channel

f fluid

h heated surface

per periodic

s solid
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Abbreviations:
GCI Grid Convergence Index
MCHS Microchannel Heat Sink
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