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 Vortex generators (VGs) are widely employed to enhance heat transfer in channel flows by 

inducing vortices, with their performance strongly influenced by geometric parameters 

and flow conditions. This study numerically investigates the thermohydraulic 

performance of laminar flow (Re = 200–1200) in a rectangular microchannel (H = 0.26 

mm) equipped with longitudinal vortex generators (LVGs) of reduced height (0.75H). The 

objective is to assess the impact of reduced LVG height on pressure loss and heat transfer 

enhancement, using water as the working fluid. Numerical simulations were validated 

against existing data, with deviations remaining below 10%, and were subsequently 

conducted for three LVG orientation angles (30°, 135°, and 150°). The results indicate that 

at Re = 1200, the LVGs increased the friction factor by up to 6% for 30° and 150° and 8% 

for 135°, while increasing the Nusselt number by up to 18% for 30° and 150° and 24% for 

135°. The highest thermal performance factor of 1.21 was achieved at the 135° orientation 

for Re=1200, identifying it as the optimal configuration among those tested. 
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1. Introduction 

In the last decade, the development of 
techniques to improve heat dissipation in 
mini/microdevices has gained increasing 
importance. This trend is driven by the critical 
need to maintain temperature balance for the 
long-term, efficient operation of modern 
technologies, especially in the cooling of 
electronic devices. Recognizing this significance, 
researchers have explored various approaches. 

These primarily involve first, designing novel 
configurations to optimize heat transfer, and 
second, using modified fluids with enhanced 
thermophysical properties, such as thermal 
conductivity and specific heat capacity. 
Numerous studies [1,2,3] have analyzed different 
heat sink shapes and channel geometries, 
consistently highlighting the significant influence 
of configuration on thermal enhancement across 
various flow regimes. Furthermore, these studies 
emphasize the concurrent effect of shape on 
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pressure loss, underscoring the opportunity for 
innovative configurations to achieve a better 
balance between heat transfer improvement and 
acceptable pressure drop. While the use of 
nanofluids with modified properties has also 
emerged as a prominent approach, their 
effectiveness often remains limited compared 
with configurational changes, particularly at 
lower volume fractions (1% to 5%) where 
improvements in the heat transfer coefficient 
closely align with increases in thermal 
conductivity relative to the base fluid [4]. 

Focusing on the configurational approach, the 
integration of vortex generators (VGs) into mini- 
and microchannels has become a key area in 
recent research due to their significant impact on 
thermohydraulic behavior. Numerous 
experimental studies have explored these effects. 
For instance, Chen et al. [5] examined 
microchannels (aspect ratios of 0.0667 and 0.25) 
equipped with longitudinal vortex generators 
(LVGs), finding heat transfer improvements of 
12.3% to 73.8% and 3.4% to 45.5%, respectively, 
though accompanied by pressure loss increases 
of 158.6% and 47.7%. Similarly, Liu et al. [6] 
investigated the dynamic and thermal behavior 
in microchannels with varying numbers of LVG 
pairs and inclinations. Their work showed heat 
transfer enhancements of 9% to 21% for laminar 
flow and 39% to 90% for turbulent flow, again 
with significant pressure drops, and they notably 
observed an earlier transition to turbulence (Re = 
600–730) due to the LVGs. In another study, 
Wang et al. [7] assessed LVG performance in 
rectangular channels for cooling nuclear fuel 
elements, reporting heat transfer improvements 
of 10%–45% and superior performance when 
LVGs were positioned on both sides of the 
channel compared with a single-sided 
configuration. 

To further investigate fluid flow around 
vortex generators, combining numerical 
simulations with experimental studies has 
proven highly effective. Wang et al. [8], for 
example, conducted both experimental and 
numerical investigations on perforated curved-
wing VGs mounted on opposing walls of a 
rectangular microchannel in turbulent flow  
(Re = 2500–3500). Using the SST k−ω turbulence 
model, they tested various opening angles and 
pitch ratios, concluding that these VGs enhanced 
heat transfer by inducing mixed vortices. In a 
subsequent study, Wang et al. [9] further 
explored the impact of VGs on thermal 
performance in turbulent channel flow, 
identifying hole shapes in punched VGs as key 
determinants of vortex configuration and 
strength. Their investigation of perforated 
curved rectangular winglet VGs in microchannels 
(Re = 2500–3500) also found that varying pitch 

and opening angle ratios significantly improved 
performance, yielding a thermal enhancement 
factor increase of up to 26%. Likewise, Srivastava 
et al. [10] utilized both numerical and 
experimental methods to analyze the effect of 
different VG shapes and geometric parameters. 
Their findings revealed that triangular VGs 
achieved the highest heat transfer coefficient for 
a selected orientation and pitch, while D-shaped 
VGs had their own optimal parameter set. 
Similarly, Sun et al. [11] numerically and 
experimentally investigated turbulent flow in 
circular tubes with multiple rectangular winglet 
VGs, examining parameters such as winglet 
number, height, and pitch, and reported Nusselt 
number enhancements of up to 2.32 times with a 
maximum thermal enhancement factor (TEF) of 
1.27, also developing predictive correlations.  

Given their efficiency, numerical simulations 
are now extensively used for designing 
configurations and assessing their effectiveness, 
further elucidating VG performance. Datta et al. 
[12] conducted a numerical study on MCHS 
equipped with LVGs (full height), demonstrating 
that optimal thermal performance occurred at a 
30° LVG angle for Re > 600, while higher angles 
were better for Re < 600, also highlighting the 
influence of microchannel thickness. Fahad et al. 
[13] investigated novel VG shapes in turbulent 
rectangular channel flow (Re = 4000–11000), 
finding that a rectangular VG with three triangles 
on top yielded the highest Nusselt number 
increase (38.2%), though with an 80.38% friction 
factor increase; 30° for both vertical and 
horizontal inclinations proved optimal. Feng et al. 
[14] tested staggered triangular ribs in a laminar 
flow rectangular microchannel (H=W=0.2 mm), 
showing that rib geometric parameters 
significantly improved thermal performance, 
while their entropy generation analysis revealed 
configurations that reduced irreversibility. 
Building on such concepts, Sun et al. [15] studied 
microchannels with delta winglet VGs 
incorporating elliptical cylinders, numerically 
demonstrating Nusselt number enhancements 
from this combination ranging up to 14.9% over 
VGs alone, and a remarkable 63% increase 
compared to a smooth channel. 

Further refining these numerical approaches, 
Zhang et al. [16] performed an optimization study 
using the Taguchi method for LVGs in a 3D 
microchannel, showing that longitudinal spacing 
and VG number strongly influenced the Nusselt 
number, achieving improvements of 23.6% in the 
Nu value and 7.2% in overall thermal efficiency. 
Ebrahimi et al. [17] assessed various LVG 
orientations and locations in laminar rectangular 
microchannel flow, finding Nusselt number 
improvements of 2% to 25% with a 4% to 30% 
increase in friction factor, attributing this to 
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enhanced fluid mixing. In a separate study on 
nanofluids, Ebrahimi et al. [18] showed that 
water-Al2O3 and water-CuO nanofluids (0.5%–
3.0% volume fraction) enhanced heat transfer by 
2.29%–30.63% and 9.44%–53.06%, respectively. 
Fu et al. [19] examined heat transfer in 
minichannels with delta winglet LVGs on 
opposite walls, finding that a "Mixed" 
configuration provided optimal heat transfer, 
improving Nusselt numbers by 28–35% 
compared with models without LVGs. Pérez et al. 
[20] numerically studied laminar flow in a 
rectangular duct with perforated VGs, finding 
that all tested configurations improved heat 
transfer by 12.8% but increased pressure loss by 
17.5%, and notably observed a novel reverse 
vortex rotation. Reddy et al. [21] numerically 
examined baffle number and shape effects across 
a wide Reynolds number range (Re = 1800–
22000), indicating that at lower Re, 30 V-shaped 
baffles achieved the highest Nusselt number due 
to intensified mixing, despite increased pressure 
loss. Demirag [22], in another numerical study, 
explored various VG geometric parameters in an 
asymmetrically heated duct (Re = 5000), 
achieving a maximum thermal enhancement 
factor (TEF) of 1.25. 

Additionally, the combination of VGs with 
other complex geometries has gained significant 
interest. Zhang et al. [23] investigated integrating 
ribs with winglet and tetrahedral VGs in 
turbulent flow (Re = 20,000–100,000), 
demonstrating that winglet VGs with ribs 
outperformed other configurations, offering a 
5.51% improvement in thermal performance 
over ribs alone. Salamatbakhsh et al. [24] 
analyzed laminar flow (Re = 500–1300) in a wavy 
minichannel with LVGs, finding that staggered 
LVGs yielded the best thermal performance 
factor (TPF) of 1.40–1.46, which was superior to 
the wavy channel without VGs. 

Synthesizing these findings, including those 
from reviews like Bansode et al. [25], it is evident 
that both channel and VG configurations critically 
impact thermal performance. Geometric 
parameters such as pitch ratio and placement 
consistently play a crucial role, underscoring the 
importance of careful selection and overall 
design for optimizing thermohydraulic 
performance. Most research on enhancing heat 
transfer with LVGs emphasizes that key 
geometric parameters, including placement, 
height-to-width ratio, and orientation, are 
significant. Therefore, selecting appropriate 
geometric parameters for specific fluid 
conditions is crucial for achieving optimal 
configurations. The primary goal is often to 
reduce pressure loss while maintaining or 
improving heat transfer capacity. To this end, 
investigating the effect of reducing LVG height, 

making them smaller than the channel height, 
could offer valuable insights into their impact on 
both pressure loss and heat transfer, potentially 
mitigating the substantial pressure penalties 
associated with full-height VGs. 

Building on previous work, particularly the 
findings of Liu et al. [6] on LVG inclinations and 
Ebrahimi et al. [17] on LVG orientations in 
microchannels, this study numerically 
investigates the effects of reduced-height LVGs 
on the thermohydraulic behavior of laminar fluid 
flow in a rectangular microchannel. Specifically, 
while Ebrahimi et al. [17] explored full-height 
LVGs, this study focuses on LVGs with a height 
equal to 75% of the microchannel height. 
Constant temperature boundary conditions are 
applied to both the upper and lower walls, and 
orientation angles similar to those in prior 
studies are explored, along with additional 
configurations, to broaden the analysis and 
identify optimal designs for this reduced-height 
parameter. 

2. Physical Model and Numerical 
Method 

Three-dimensional simulations were 
conducted on four configurations. The first 
configuration was a smooth microchannel, and 
for the three remaining models, longitudinal 
vortex generators were added to this base 
channel. In each of these LVG-equipped models, 
the height of the LVGs was maintained at three-
quarters of H and oriented at three different 
angles (150°, 135°, and 30°), as illustrated in 
Figure 1. The LVGs were positioned within the 
entry length of the microchannel. The 
microchannel had a rectangular cross-section 
and the following dimensions: height (H) = 0.26 
mm, length (L) = 39.37 mm, and width (W) = 5.25 
mm. 

 
(a) 

 
(b) 

Fig. 1. Physical model: a) Top-view; b) Side-view. 
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Table 1 summarizes the geometric 
parameters defining the physical model. The 

layout configuration followed that of Ebrahimi et 
al. [17]. 

Table 1. Detailed geometric parameters 

 L1 L2 α1 α2 s1 s2 β1, β2 

Smooth Channel - - - - - - - 

LVG (150°) 50H 100H 4H 4H 8H 8H 150°, 150° 

LVG (135°) 50H 100H 4H 4H 8H 8H 135°, 135° 

LVG (30°) 50H 100H 4H 4H 8H 8H 30°, 30° 

 

2.1. Governing Equations and Boundary 
Conditions 

Throughout this study, water with constant 
thermophysical properties served as the coolant, 
and it was assumed to be a Newtonian, 
incompressible fluid. Several studies [26, 27] 
have reported conditions that support the 
persistence of laminar flow regimes around and 
over obstacles similar to those in the present 
model, which supports the current study’s 
assumption of laminar, steady-state flow. Volume 
forces, viscous dissipation, and radiation effects 
were neglected. 

Under these assumptions, the governing 
equations simplify as follows [28]: 

𝛻. 𝑉⃗ = 0 (1) 

(𝑉. 𝛻𝑉⃗ ) = −
1

𝜌
𝛻𝑃 + µ 𝛻2𝑉⃗  (2) 

𝜌𝐶𝑝(𝑉⃗  . 𝛻𝑇) = 𝜆𝛻2𝑇 (3) 

Numerous studies have identified water as an 
effective coolant due to its high thermal 
conductivity and specific heat capacity, and it has 
been consistently classified as a Newtonian fluid. 
Additionally, many studies [29, 30] have opted to 
assume constant fluid properties, often without 
addressing potential anomalies. Accordingly, all 
fluid properties are assumed to be constant in 
this study. The properties of water considered 
are summarized in Table 2. 

Table 2. Fluid thermophysical properties [30] 

Properties Water  

Density ρ 998.2 Kg/m3    

Heat capacity 𝐶𝑝 4182 J/Kg K 

Thermal conductivity 𝜆 0.6 W/m K 

Dynamic Viscosity 𝜇 1.003 x 10-3 Kg/m s   

Temperature T 300 K  

For the boundary conditions, a uniform 
velocity was applied at the channel inlet, with an 
imposed temperature of 300 K. A pressure was 
applied at the outlet, and a temperature of 350 K 
was imposed on the upper and lower walls. 
Adiabatic conditions were imposed on all 
remaining walls. 

2.2. Numerical Approach and Characterized 
Parameters 

Throughout the study, the commercial 
software ANSYS Fluent was used. A hybrid non-
uniform grid was applied, with refined mesh sizes 
adjacent to all walls defining the model, including 
the longitudinal vortex generators, as shown in 
Figure 2. The convergence criterion was set to 
less than 10-6 for the momentum, continuity, and 
energy equations. For the velocity-pressure 
coupling, the SIMPLE algorithm was chosen. To 
interpret the numerical results, following 
physical parameters were defined.  

The Reynolds number is defined as follows:  

𝑅𝑒𝐷ℎ 
=

𝜌 𝑉 𝐷ℎ
𝜇

 (4) 

where: 

𝐷ℎ =
4 𝐻 𝑊

2(𝐻 𝑊)
 (5) 

To quantify the ratio of convective and 
conductive heat transfer, the Nusselt number is 
calculated as follows: 

𝑁𝑢 =
ℎ 𝐷ℎ

𝑘
 (6) 

where: 

ℎ =
𝑄

(𝑆 𝛥𝑇)
 (7) 

𝑄 = 𝑚 ̇ 𝐶𝑃 (𝑇𝑜𝑢𝑡 − 𝑇𝑖𝑛) (8) 
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The temperature difference was calculated 
using the logarithmic mean temperature 
difference (LMTD) equation: 

∆𝑇 =  
(𝑇𝑤𝑎𝑙𝑙−𝑇𝑖𝑛)−(𝑇𝑤𝑎𝑙𝑙−𝑇𝑂𝑢𝑡)

ln ((𝑇𝑤𝑎𝑙𝑙−𝑇𝑖𝑛)−(𝑇𝑤𝑎𝑙𝑙−𝑇𝑂𝑢𝑡))
  (9) 

The friction factor was calculated by the 
following relation: 

𝑓 =
2 △ 𝑃

𝐿
 

𝐷ℎ
𝜌 𝑈2 

 (10) 

The Poiseuille number quantifies the 
relationship between pressure drop and flow 
resistance and can be calculated using the 
following equation: 

𝑃0 = 𝑅𝑒 𝑓 (11) 

 
Fig. 2. Representative grid 

2.3. Grid Independency and Validation 

To achieve an optimal mesh, priority was 
given to element quality while minimizing the 
total number of elements to maintain a 
reasonable computation time. Three mesh tests 
were conducted, with the number of nodes 
incrementally increased in each test. Grid 
independence was evaluated by comparing the 
Nusselt number and friction factor values for 
each selected mesh size, as presented in Table 3. 

Table 3. Grid independence test 

Number 

of cells 
Nu f 

F  

(Error 

%) 

Nu 

(Error 

%) 

319286 3.736261 0.05615922 ------ ------ 

612816 3.743363 0.05896718 0.05 0.19 

879498 3.744112 0.05908512 0.002 0.02 

To validate the current numerical model, its 
results were compared with the experimental 
data of Lui et al. [6] and the numerical results of 
Ebrahimi et al. [17].  

The comparison focused on the friction factor 
and Nusselt number over a range of Reynolds 
numbers; this approach aligns with the current 
study’s assumption of temperature-independent 
thermophysical properties and the applied 
thermal boundary conditions.  

Figure 3 presents the comparative results. For 
the friction factor (Figure 3a), both qualitative 
and quantitative agreement were observed, with 
a maximum deviation of about 11% from the 
experimental data [6] and approximately 20% 
from the numerical results [17]. Notably, the 
experimental data [6] reported an uncertainty of 
5.72%. The highest discrepancies occur at low 
Reynolds numbers (Re < 400), where conduction 
is dominant and viscosity variations due to 
temperature are more significant. These 
deviations decrease as Re increases, confirming 
the reduced influence of temperature-dependent 
properties at higher flow rates. Similar trends 
have been reported in previous studies [31], 
where adjusted formulations were proposed for 
low Reynolds number regimes. 

For the Nusselt number (Figure 3b), the 
comparison showed good agreement, with 
deviations ranging from 6% to 15% relative 
to the experimental results [6], which are well 
within their reported uncertainty of 19.6%. A 
similar agreement was observed when 
comparing the present results with the numerical 
data from Ebrahimi et al. [17], with deviations 
between 6% and 12%. It is important to note that 
Nusselt number measurements typically involve 
higher uncertainties than those for the friction 
factor. Furthermore, differences in imposed 
boundary conditions across numerical studies 
can significantly influence heat transfer 
predictions, which partly explains these 
deviations. Overall, the discrepancies observed in 
the present results remain within acceptable 
margins, considering the reported experimental 
uncertainties, and do not compromise the 
predictive reliability of the numerical model. 

 

(a) 



Belkacemi et al./ Journal of Heat and Mass Transfer Research 13 (2026) 261 - 272 

266 

 

(b) 

Fig. 3. Comparison of present results with experimental data 
and numerical results: (a) Friction factor;  

(b) Nusselt number 

3. Results and Discussion 

The temperature and velocity distributions, 
along with the calculated thermohydraulic 
parameters, allow for a deeper understanding of 
the effects of the LVGs on both the dynamic and 
thermal behavior of fluid flow. Therefore, the 
obtained results and their interpretations are 
divided into two sections. The first section 
addresses pressure loss, analyzed through the 
apparent friction factor, Poiseuille number, and 
velocity distribution along the microchannel. The 
second section focuses on the thermal behavior, 
examining the variation in the Nusselt number 
and the temperature distribution.  

3.1. Dynamic Analysis of Flow Resistance 

Figure 4 illustrates the variation of the 
friction factor with Reynolds number for the 
selected orientation angles. The friction factor for 
all microchannels equipped with LVGs is higher 
compared with that of the smooth microchannel, 
with this difference becoming more pronounced 
as the Reynolds number increases. The friction 
factors for the 150° and 30° orientations are 
nearly identical, while the friction factor for 
the 135° orientation is slightly higher. At low 
Reynolds numbers (Re = 200), the deviation 
relative to the smooth channel is around 1% and 
increases with the Reynolds number, 
reaching approximately 6% at Re = 1200 for the 
30° and 150° orientations. In contrast, the 135° 
orientation shows a larger deviation, 
reaching approximately 8% at Re = 1200. Similar 
trends were reported by Lui et al. [6], who 
observed increasing deviations with Reynolds 
number, and by Ebrahimi et al. [17], who found 
even higher deviations, though still lower than 
those in [6]. 

These results confirm that microchannels 
with LVGs generate higher pressure losses due to 

flow–LVG interactions and increased flow 
resistance from the walls. LVGs disturb the flow 
by generating recirculation zones and 
vortices, which contribute to pressure loss. 
Additionally, the reduced distance between LVGs 
and the walls promotes flow detachment under 
adverse pressure gradients. The lower friction 
factor deviations observed in the present study, 
compared to those in the studies by Liu et al. [6] 
and Ebrahimi et al. [17], are likely due to the 
selected LVG height of 0.75H. This reduced 
height decreases the constriction effect and 
allows smoother flow above the LVGs. 

The analysis also highlights the influence of 
orientation angles on friction factor behavior. 
The 30° and 150° angles, being mirrored 
orientations, induce similar flow structures and 
thus produce comparable pressure losses. In 
contrast, the 135° orientation generates larger 
vortices and a more reduced constricted distance 
to the walls, resulting in greater pressure loss; 
this is consistent with observations by Liu et al. 
[6]. To further explore the effects of LVGs and 
their orientations on fluid dynamics, the next 
section examines variations in the Poiseuille 
number and the velocity distributions. 

 
Fig. 4. Variation of the friction factor as a function of 

Reynolds number 

The Poiseuille number quantifies 
dimensionless pressure loss and reflects 
boundary layer stability in laminar flow. While it 
remains relatively constant for smooth 
microchannels, the Poiseuille number typically 
varies in channels with disturbances, such as 
roughness or obstacles, due to induced vortex 
formation and flow detachment [32, 33].  

Figure 5 presents the Poiseuille number as a 
function of the Reynolds number, showing an 
increase in this number with the Reynolds 
number for channels equipped with LVGs. This 
variation is influenced by LVG orientation angles, 
making the Poiseuille number a clear indicator of 
flow disturbances.  

Similar to the friction factor behavior, the 30° 
and 150° orientations produce nearly identical 
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effects on pressure loss, indicating comparable 
flow behavior. In contrast, the 135° orientation 
induces significantly greater pressure loss, 
particularly beyond Re = 800. This effect is due to 
the reduced constricted distance between the 
channel walls and LVGs at the 135° orientation, 
causing stronger adverse pressure gradients, 
flow detachment, and the formation of larger 
local vortices. These detachments interrupt the 
boundary layer development along the flow 
direction. The constriction also forces local flow 
acceleration, followed by more rapid 
deceleration and expansion downstream, 
thereby intensifying the adverse pressure 
gradients. 

To further understand the impact of LVGs on 
flow dynamics, the velocity distribution along the 
microchannel is subsequently examined. 
Building upon the friction factor and Poiseuille 
number analyses, this examination provides a 
more comprehensive view of the fluid behavior. 

 
Fig. 5. Variation of the Poiseuille number as a function of 

Reynolds number 

Figure 6 illustrates the velocity contours 
for the different LVG orientation angles at 
Reynolds numbers Re = 600 and Re = 1200. 
These contours clearly show the velocity 
distribution around the LVGs, showing the 
generation of both local and downstream 
longitudinal vortices. An increase in the Reynolds 
number produces larger local vortices in the 
immediate wake region of the LVGs and more 
pronounced downstream vortices, especially for 
the 135° orientation.  

Additionally, the velocity contours confirm 
that the 30° and 150° orientations have a similar 
impact on fluid flow, as both induce comparable 
vortex structures.  

Overall, these results emphasize the dominant 
role of both local and longitudinal vortices in 
enhancing heat transfer by enlarging the vortex 
area and intensifying fluid mixing with increasing 
Reynolds number. 

 
β= 150°, Re=600 

 
β= 150°, Re=1200 

 
β= 135°, Re=600 

 
β= 135°, Re=1200 

 
β= 30°, Re=600 

 
β= 30°, Re=1200 

Fig. 6. Contour of velocity distribution (Z=3/8H) 

3.2. Thermal Analysis of Heat Transfer 
Enhancement 

Figure 7 illustrates the variation of the Nusselt 
number with the Reynolds number for 
microchannels equipped with differently 
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oriented LVGs. The results confirm that LVGs 
significantly enhance heat transfer, primarily 
through enhanced convective mechanisms 
(advection), with the orientation angle playing a 
critical role. Notably, the Nusselt number in LVG-
equipped microchannels exceeds that of a 
smooth channel for Reynolds numbers above 
approximately 400, and this advantage becomes 
more pronounced as the Reynolds number 
increases. Quantitatively, the 150° and 30° 
orientations exhibit a Nusselt number 
enhancement (relative to the smooth channel) 
that increase from approximately 6% at Re = 600 
to approximately 18% at Re = 1200. In 
comparison, the 135° orientation shows an even 
greater improvement, with enhancement ranging 
from approximately 7% to approximately 24% 
over the same Reynolds number range, 
highlighting the strong influence of the Reynolds 
number on thermal performance. 

This improvement is primarily attributed to 
vortex dynamics: higher Reynolds numbers 
induce greater disturbance of the thermal 
boundary layers, leading to the formation of 
local (wake) and longitudinal vortices 
downstream of the LVGs. The disruption of these 
boundary layers promotes the development of 
secondary flows (longitudinal vortices), which 
improve fluid mixing and, consequently, heat 
transfer between the fluid and the channel walls. 
Furthermore, the degree of flow constriction 
caused by the LVG orientation significantly 
affects both the fluid dynamics and the thermal 
behavior by promoting flow separation and 
increasing vorticity generation. This suggests 
that configurations producing greater 
constriction may be more effective for heat 
transfer enhancement. Nevertheless, further 
investigation into the combined effects of 
constriction and inclination is recommended. 

 
Fig. 7. Variation of the Nusselt number  

as a function of Reynolds number 

Figure 8 displays the temperature 
distribution contours on the (x, y) plane at  
Z = 3/8H, highlighting the influence of both local 
and longitudinal vortices on heat transfer 
enhancement. Local vortices are especially 
prominent for the 135° LVG orientation and 
become more pronounced with increasing 
Reynolds number. Longitudinal vortices appear 
across all configurations and intensify as 
the Reynolds number rises, due to stronger 
boundary layer disturbances that generate larger 
and more energetic secondary flows. With the 
LVGs maintained at a constant temperature, their 
interaction with the flow disturbs the thermal 
boundary layers, initiating vortex formation and 
enhancing heat transport via advection. 
Importantly, the specific LVG configuration (e.g., 
angle, shape) dictates the nature of this fluid-
surface interaction and the resulting vortex 
structures, thereby strongly influencing the 
effectiveness of local heat transfer enhancement 
near the LVGs. Furthermore, the LVG surfaces 
themselves contribute directly to heat transfer, 
acting as additional heat sources alongside the 
channel walls. 

The temperature field reveals that near the 
first pair of LVGs, heat transfer is concentrated 
around the LVG surfaces due to local vortices, 
while longitudinal vortices gradually transport 
heat downstream. By the time the flow reaches 
the second LVG pair, longitudinal vortices 
dominate, enhancing mixing and heat transfer 
further. Therefore, while longitudinal vortices 
play a significant role, the contribution of local 
vortices near the LVG surfaces—strongly 
dependent on the LVG configuration—is also 
substantial. Attributing the enhancement solely 
to longitudinal vortices oversimplifies the 
underlying heat transfer mechanism. Further 
analysis is needed to quantify the distinct roles of 
both vortex types in the overall thermal 
performance. 

 
β= 150°, Re=600 

 
β= 150°, Re=1200 
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β= 135°, Re=600 

 
β= 135°, Re=1200 

 
β= 30°, Re=600 

 
β= 30°, Re=1200 

Fig. 8. Contour of temperature distribution (Z=3/8H) 

3.3. The Overall Heat Transfer Enhancement 

Heat transfer enhancement is strongly 
correlated with pressure loss, as indicated by the 
augmentation of the friction factor. Therefore, 
incorporating additional parameters to further 
quantify the relationship between heat transfer 
enhancement and pressure loss, or to highlight 
optimal configurations, is highly recommended. 
To assess overall thermal efficiency, the following 
parameters are defined [34]: 

𝜂𝑁𝑢 =
𝑁𝑢

𝑁𝑢𝑠
  (12) 

𝜂𝑓 =
𝑓

𝑓𝑠
  (13) 

𝜂𝑡ℎ =
𝜂𝑁𝑢

𝜂𝑓
1/3  (14) 

Here, ηNu and ηf represent the ratios of the 
Nusselt number and friction factor for 
microchannels equipped with LVGs to those for a 
smooth channel, respectively. ηth represents the 
thermal performance factor or thermal efficiency. 
Figure 9 shows the variation of parameters 
characterizing the thermal and hydrodynamic 
efficiency for the studied configurations across 
different Reynolds numbers. From figure 9, it is 
evident that the optimal thermal performance 
factor reaches 1.21 for the 135° orientation angle 
at a Reynolds number of 1200. Notably, the 
thermal performance factor achieved in this 
study exceeds that reported by [17], reflecting a 
greater enhancement in heat transfer relative to 
pressure loss. The chosen configuration, with a 
135° orientation angle and reduced height, 
optimizes heat transfer more effectively than 
LVGs with full channel height. For other 
configurations, heat transfer improvement 
remains consistently higher than that reported 
by [17], highlighting the role of the reduced 
height in minimizing pressure loss. 

 

Fig. 9. Effect of orientation angles on thermal  
and dynamic efficiency 

Table 4 compares the overall thermal 
performance from the present laminar flow study 
against three previous investigations. Within the 
laminar regime for microchannels equipped with 
LVGs, the results confirm that reduced-height 
configurations achieve superior overall thermal 
performance compared to their full-height 
counterparts reported in the literature. For 
context, the performance achieved in this laminar 
study is also compared with results from one 
turbulent flow investigation, illustrating that 
turbulent regimes, as expected, provide 
significantly higher overall thermal performance. 

Table 4. Comparison of overall thermal performance between present study and literature 

 Present Study Ebrahimi et al. [17] Datta et al. [12] Liu et al. [6] 

Overall thermal 

performance ( 𝜂𝑡ℎ) 
1.21 1.14 1.18 

Laminar flow Turbulentflow 

1 1.37 
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4. Conclusions 

This study numerically investigates the 
influence of longitudinal vortex generators 
(LVGs) on the thermal and hydrodynamic 
characteristics of laminar flow in rectangular 
microchannels. The configurations analyzed 
consist of two pairs of LVGs symmetrically 
mounted on the lower walls of the channels, 
oriented at three distinct angles (30°, 135°, and 
150°) and with a reduced height (3/4H) relative 
to the channel height. Three-dimensional 
simulations were performed using Fluent 
software, to capture detailed insights into the 
flow and heat transfer behavior. The results 
obtained were validated against available data in 
the literature, demonstrating good agreement 
with both experimental and numerical findings. 
The conclusions drawn from this study are as 
follows:  

• For microchannels equipped with LVGs, 
within the Reynolds number range of 200 to 
1200, the friction factor increases by 1-8% 
compared to smooth channels, with this 
increase remaining lower than that reported 
in the literature for full-height LVGs. 

• The increase in friction factor was attributed 
to local and longitudinal vortices generated 
by the LVGs, as well as flow detachment 
around the LVG structures. 

• Friction factor deviations increase with 
Reynolds number, reaching a maximum at 
the highest values of Reynolds. 

• Fluid disturbances were influenced by 
orientation angles, with the largest friction 
factor deviation observed at a 135° 
orientation. 

•  Across all Reynolds numbers from 200 to 
1200, the Nusselt number for LVG-equipped 
microchannels increases by 7% to 24%, with 
the highest enhancement (24%) occurring at 
a 135° orientation and Reynolds number of 
1200. For the other angles, heat transfer 
enhancement was approximately 18% at the 
same Reynolds number. 

• This heat transfer improvement was 
attributed to the generation of local and 
longitudinal vortices by the LVG 
configurations. 

• The constricted distance between LVGs, and 
between LVGs and walls, affected local 
vortex generation, leading to further 
enhancement in combination with LVG 
height and orientation. 

• LVG height influenced friction loss, with 
reduced LVG heights demonstrating lower 

pressure loss and comparable heat transfer 
enhancement to that of full-height LVGs. 

• The overall thermal performance was 
highest for the 135° orientation, with a 
thermal performance factor of 1.21. For the 
other two angles, this factor reached 
approximately 1.16. 

This study elucidates the mechanisms by 
which longitudinal vortex generators (LVGs) 
enhance heat transfer within microchannels. The 
results demonstrate that LVG configuration, 
particularly shape, orientation, and placement, 
has a significant influence on vortex generation 
and, consequently, on thermal performance. 
Further research should focus on exploring 
innovative configurations, such as sinusoidal 
shapes and asymmetric orientations, as well as 
on quantifying the individual contributions of 
local and longitudinal vortices. Such efforts 
would address key knowledge gaps and facilitate 
the design of optimized LVG configurations for 
enhanced heat transfer. 

Nomenclature 

S               Contact surface, m2 

Cp             Specific heat, J kg-1 K-1 

Dh              Hydraulic diameter, m 

f                 Friction factor 

h                Heat transfer coefficient, Wm-2 K-1 

H               Depth of the microchannel, m 

 λ               Thermal conductivity, Wm-1 K-1 

L                 Length of the microchannel, m 

𝑚 ̇                Mass flow rate, kg s-1 

MCHS         Microchannel heat sinks  

Nu               Nusselt number 

P                  Static pressure, Pa 

Po               Poiseuille number 

Q                 Heat flux, Wm-2 

Re              Reynolds number 

T                Temperature, K 

V                Velocity, m s-1 

W               Width of microchannel, m 

Δp               Pressure drop, Pa 

LVG             Longitudinal vortex generator 

VG               Vortex generator 

Greek and Latin letter 

η                  Efficiency  

ρ                  Density, kg m-3 

μ                   Dynamic viscosity, Pa s 

Subscripts 

in                  Inlet 

out               Outlet 

Wall            Surface wall 
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