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This study presents a numerical investigation of the mixing performance and
hydraulic behavior of a static mixer equipped with staggered inverted L-shaped
vortex generators mounted on both the upper and lower walls of a rectangular
channel, operating under laminar flow conditions. The working fluid is Newtonian
with properties similar to water, and mixing is initiated by the introduction of two
inlet streams with a step-change in concentration. The effects of Reynolds number
(Re = 20-600) and vortex generators inclination angles (30°, 45°, 60°) on mix-
ing efficiency and pressure drop are systematically evaluated. Results show that
higher vortex generators inclination angles significantly enhance mixing at low
to moderate Reynolds number due to stronger secondary flows and increased in-
terfacial deformation. However, this improvement is accompanied by a notable
rise in pressure drop. At higher Reynods number, the 30° configuration achieves
a mixing index of 0.9468 with a pressure drop 78% lower than the 60° case,
demonstrating a more favorable balance between mixing and energy consumption.
The optimal configuration is found at a vortex generators inclination of 30° and
Re = 600, offering efficient mixing with reduced hydraulic resistance.

Key words: static mixer, vortex generators, laminar flow, mixing index,
pressure drop
Introduction

Static mixers are vital components in modern process industries due to their ability to
enhance mixing, heat transfer, and mass transport without moving parts. Their compact struc-
ture, low maintenance requirements, and energy efficiency make them ideal for applications
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across chemical processing, polymerization, heat exchange, and micro-fluidics. As mixing re-
quirements become more complex, recent research has focused on optimizing mixer geometry
and internal structures to improve performance under laminar, transitional, and turbulent flow
regimes. One of the prominent strategies involves geometric enhancement through corrugated
walls and internal baffles. Bennour et al. [1, 2], Kaid et al. [3], and Menni et al. [4] demonstrat-
ed that incorporating corrugations and vortex-generating baffles significantly enhances mixing
quality and heat transfer, especially for shear-thinning fluids. These structures induce secondary
flow patterns and promote chaotic advection, crucial for homogeneous mixing in laminar flow
conditions. Another focus has been on advanced blade-type and twisted insert configurations.
Meng et al. [5-7] and Yu et al. [8] explored multitwisted leaves, Kenics blades, and tape-based
inserts, revealing marked improvements in mixing efficiency and thermal uniformity. In par-
ticular, Yu et al. [9] provided a detailed numerical investigation into blade-type static mixers,
analyzing their performance in terms of mixing index and thermal distribution. In efforts to re-
duce pressure drop while maintaining effective mixing, researchers like Liao and Jing [10] and
Bennour et al. [1] investigated flexible vortex generators and low pressure loss insert designs.
Kaid et al. [3] confirmed the effectiveness of passive structures in achieving high mixing per-
formance at minimal energy costs. The combination of experimental validation and numerical
modelling has greatly accelerated mixer development. Fan et al. [11], Kundra et al. [12], and
Albertazzi et al. [13] demonstrated the industrial relevance of novel mixers through pilot-scale
and continuous-flow studies. The CFD simulations by Coroneo et al. [14], Cheng et al. [15],
and Chakleh and Azizi [16] enabled predictive analysis of flow fields and mixing profiles, guid-
ing optimized design under various flow conditions.

Microscale static mixing has also attracted increasing attention. Bennour et al. [17],
Faradonbeh et al. [18], and Fallah et al. [19] explored designs incorporating chambers, deform-
able beams, and acoustic effects to enhance mixing in micro-fluidic systems, particularly for
biomedical and non-Newtonian fluid applications. Basu and Dirbude [20] further examined
scalar transport behavior in miniaturized 7-shaped configurations.

Energy consumption and flow resistance remain key constraints in mixer design.
Studies by Wang et al. [21], Stec and Synowiec [22], and Rauline ef al. [23] investigated pres-
sure drop behavior across various geometries, offering insights into the trade-offs between mix-
ing performance and hydraulic efficiency. Meng et al. [24] examined the use of nanofluids in
multi-blade static mixers to enhance thermal performance. In addition, Yu et al. [25] provided
a comprehensive review of gas-liquid two-phase flow in static mixers, summarizing current
advances, flow regimes, and performance evaluation criteria, and offering valuable guidance
for future research and design development in multi-phase mixing applications.

Innovative concepts such as perforated mixers [21], side-injection reactors [13], and
concentric double-helix blades [4] continue to evolve, supported by performance compari-
sons with commercial designs [16] and multi-objective optimization frameworks [8]. These
advancements have yielded mixers with significantly improved thermal and mixing indices,
tailored for diverse operational needs.

The present study is motivated by the need to develop high efficiency static mixers ca-
pable of achieving enhanced mixing performance while minimizing energy losses, particularly
in compact flow systems. To this end, we investigate a novel 3-D mixer configuration featuring
a rectangular channel equipped with inverted L-shaped vortex generators (VG). This geome-
try is designed to induce secondary flows and promote chaotic advection, thereby improving
mixing quality. The primary aim is to evaluate the mixing behavior through detailed analysis
of molar concentration contours, contact probability distributions, mixing index values, and
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pressure drop characteristics across a range of flow rates. Furthermore, the study systematically
explores the influence of the inclination angle of the VG in combination with varying Reynolds
numbers to identify the optimal design configuration. By examining the coupled effects of flow
dynamics and geometric orientation, this research seeks to propose a geometrically optimized
static mixer that offers superior mixing efficiency with minimal hydraulic penalty.

Physical configuration and numerical approach

This study investigates a 3-D static mixer consisting of a rectangular channel equipped
with inverted L-shaped VG arranged in a staggered configuration on both the upper and lower
walls. The VG are inclined at angles of 30°, 45°, and 60° relative to the main flow direction and
are uniformly spaced along the length of the channel. Additionally, flat barriers are positioned
between the walls and located between the L-shaped baffles along the channel. These obsta-
cles serve to induce secondary flows, enhancing fluid deformation and promoting transverse
mixing. The top and bottom walls of the channel are treated as adiabatic, thereby preventing
heat transfer across these surfaces. As shown in fig. 1, the geometric configuration includes
regularly spaced inverted L-shaped VG, clearly illustrating the staggered arrangement along
the channel walls.
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Figure 1. Flow domain with upper, lower, and central obstacles

Mixing is initiated by introducing two distinct streams at the inlet: pure water (with
tracer concentration (¢ = 0 mol/m®) enters through the lower half of the inlet cross-section,
while dyed water (with tracer concentration ¢ = 1 mol/m?) enters through the upper half. This
creates an initial step concentration profile that allows for clear observation of mixing evolution
downstream.

The fluid is assumed to be Newtonian, with physical properties analogous to water:
density p = 998 kg/m?, and dynamic viscosity 4 = 0.001 Pa-s. Flow conditions are steady, in-
compressible, and laminar, with Reynolds numbers ranging from 20-600. A uniform velocity
profile is applied at the inlet, while the outlet is subjected to atmospheric pressure. No-slip
boundary conditions are imposed on all solid surfaces, including the obstacles.

The flow and mixing are governed by the following equations.

Continuity equation:

Vi=0 (1)

Momentum equation:

p(iV)ii=-Vp+uv3i ()
Convection-diffusion equation:
iVe= IV (3)
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where U is the velocity vector and I"— the diffusion coefficient. To quantitatively evaluate mix-

ing efficiency along the channel, a mixing index M/ is used. This index measures the degree of
concentration uniformity and is defined:

“4)
Ml =1-
where ¢; is the local tracer concentration at the i cell, ¢ — the mean tracer concentration across
the cross-section, and N — the total number of cells in the sampling cross-section.

As shown in fig. 2, the computational domain is discretized using a hybrid mesh
generated for the FEM, totaling 1485285 elements. This includes 1291773 tetrahedral elements
for the main volume, 193512 prismatic elements strategically placed near-walls to improve
boundary-layer resolution, and 107467 triangular along with 276 quadrilateral surface elements
for accurate boundary representation. The mesh achieves an average quality of 0.6795, while
the minimum quality reaches 0.01356, reflecting the geometric complexity of the mixer con-
figuration.
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Figure 2. Computational mesh of the studied static mixer equipped with VG and barriers

To validate the numerical model, the computed friction factor for the present smooth
channel is compared with the theoretical values from the Moody correlation for fully developed
laminar flow, eq. (5), over the present range of studied Reynolds numbers (20-600) :

64
f=re 5)
U As shown in fig. 3, the comparison
g 30 '\;% demonstrates good agreement, confirming the
% 25 ‘\‘\1 accuracy and reliability of the numerical ap-
5 2o %\\% proach within the investigated flow regime.
g 201 %\g
“g 15 %\\E Results and discussion
g 10 ’%\g To evaluate the impact of VG inclination
§\§ and flow conditions on mixing performance,
05 EaSS=AnE molar concentration contours were examined
T at various .Reynolfis numbers for different VG
Re configurations. Figure 4 presents the molar
Figure 3. Friction factor comparison between concentration distributions at Reynolds num-
numerical results and Moody correlation

bers of 20, 200, and 600 for three inclination
angles (30°, 45°, and 60°) of inverted L-shaped VG installed within the mixing channel. In fig.

4(a), corresponding to Re = 20, the flow is dominated by viscous and diffusive effects, resulting
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in limited mixing. The concentration field exhibits strong stratification, particularly for the 30°
and 45° configurations, with only mild interfacial deformation observed. The 60° VG configu-
ration shows a modest improvement due to stronger induced secondary flows, which promote
slight stretching and folding of the interface between the dyed and undyed streams.

As seen in fig. 4(b), at Re = 200, convective transport becomes more dominant, and
mixing performance improves significantly. The higher VG inclinations, especially at 60°, en-
hance the formation of complex 3-D flow structures, leading to greater interfacial renewal and
more effective radial redistribution of the tracer. At Re = 600, illustrated in fig. 4(c), inertial
effects prevail, and the flow becomes highly structured, with intense vortex activity and trans-
verse flow components. The 60° configuration achieves near-complete homogenization of the
tracer concentration at the outlet, while the 30° and 45° cases still show visible, though reduced,
concentration gradients.

Molar concentration, ¢ [mol per m’] Re =20

Molar concentration, ¢ [mol per m’] Re =200

Case 1:45° = Case 1:45°

Case 1:60° Case 1:60°
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Molar concentration, ¢ [mol per m] Re =600

Figure 4. Molar concentration
contours at; (a) Re = 20,

(b) Re =200, and (c) Re =600
for various VG angles

The observed improvements in mixing with increasing Reynolds number and VG
inclination angle highlight the strong influence of flow inertia and geometric configuration on
mixing efficiency. The staggered arrangement of inverted L-shaped VG, coupled with central
obstacles, contributes to enhanced fluid splitting, reorientation, and convective mixing through-
out the channel.

Contact probability fields, ranging from 0 (unmixed) to 1 (fully mixed), demonstrate
a strong dependence on both the Reynolds number and the inclination angle of the inverted
L-shaped VG, as illustrated in fig. 5. Figure 5(a) shows the distribution of contact probability at
Re = 20 for VG inclination angles of 30°, 45°, and 60°, where mixing remains limited due to
the dominance of viscous and diffusive effects. At this low Reynold number, fluid deformation
and interfacial renewal are weak, especially at 30°, resulting in poor mixing across the chan-
nel. In contrast, fig. 5(b) presents the case for Re = 200, where convective transport becomes
more influential. Here, increased VG inclination enhances secondary flow intensity and fluid
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interpenetration, with the 60° configuration exhibiting more advanced development of high
contact probability regions. The most substantial improvements are observed in fig. 5(c), cor-
responding to Re = 600, where inertial effects dominate. At this higher Reynolds number, the
VG induce strong cross-stream motion and complex 3-D vortices that significantly increase in-
terfacial area and accelerate homogenization. The 60° inclination again outperforms the lower
angles, leading to nearly complete mixing over a short axial distance. Overall, the contour plots
in fig. 5 highlight the synergistic role of VG geometry and flow regime, with a 60° inclination
at higher Reynolds numbers (>200) yielding the most effective mixing through enhanced con-
vective transport and intensified secondary flow structures.
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The pressure drop across the static mixer increases markedly with rising Reynolds
number and varies significantly with the inclination angle of the VG, as illustrated in fig. 6.
At Re = 600, the 60° configuration generates a pressure drop of 33.3160 Pa, compared to just
7.0194 Pa for the 30° set-up, an increase of approximately 375%, meaning the 60° design
induces more than 4.7 times the resistance. At lower Reynolds numbers, this contrast is still
35 evident; for instance, at Re = 100, the 60° angle

= causes a pressure drop of 1.1444 Pa, which is

2 %0 679% higher than the 0.1468 Pa observed for

E 25 - 30°. Even at Re = 20, the pressure drop at 60°

2 201 = (0.0888 Pa) is about 599% greater than at 30°

& Case / (0.0127 Pa). These trends, clearly depicted in
15

/ fig. 6, demonstrate how the steeper VG angle

101 EE== consistently imposes a substantial energy pen-

5 //fe/‘ alty across all flow conditions, with pressure

ol lk// drops ranging from 6-7 times higher than those

0 100 200 300 400 500 600 of the shallower 30° design. While increased

Fi N VG inclination improves fluid mixing, it also

igure 6. Pressure drop response to flow rate L .
and VG inclination angle variations leads to significantly greater flow resistance

and energy consumption.
The variation of the mixing index with Reynolds number and VG inclination angle
reveals clear trends in mixing efficiency throughout the operational range, as supported by fig. 7.
At a fixed inclination of 60°, the mixing index improves rapidly from 0.9121 at Re = 20 to a peak
0f 0.9891 at Re = 100, indicating enhanced blending due to stronger convective effects. Howev-
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er, beyond Re = 100, the mixing index gradu- 10 S
ally declines to 0.9399 at Re = 600, suggesting 3 /\\C T
. . . . o« . . . ] asg 13
a slight deterioration in mixing uniformity due £ oo/ -
to excessive flow inertia and possible flow chan- £ G
s

neling. A similar pattern is observed for the 45°
configuration, where the mixing index rises from
0.8294 at Re = 20 to 0.9542 at Re = 200, then
slightly drops to 0.9257 at Re = 600. In contrast, 07 /
the 30° inclination shows a continuous upward

trend, with the index increasing from 0.6475 at 0.6 . ‘ . ‘
Re = 20-0.9468 at Re = 600, surpassing both 60° 0 100 200300 400 500, 600
and 45° at the highest Reynolds number. These  Figure 7. Mixing index trends for different
observations indicate that while steep VG angles ~ flow rates and VG inclination angles

(e.g., 60°) are more effective at lower Reynolds

numbers due to stronger secondary flows and fluid stretching, shallower configurations (e.g., 30°)
become more favorable at high Reynolds number by offering sufficient mixing with less energy
loss and reduced vortex dissipation. This change in performance shows that the way mixing hap-
pens depends on the flow speed. At low Reynolds numbers, mixing is mainly due to diffusion,
while at high Reynolds numbers, it is driven by fluid motion and inertia. This means that choosing
the right VG angle depends on the flow conditions to get the best mixing results.

0.8 4

Conclusions

This study examined the mixing and hydraulic performance of a static mixer equipped
with staggered inverted L-shaped VG, focusing on the effects of VG inclination angle and Rey-
nolds number. Numerical results showed that increasing both VG angle and Reynolds number
generally enhances mixing due to stronger secondary flows and convective transport. Specif-
ically, the 60° inclination produced the most effective mixing at low-to-moderate Reynolds
numbers, achieving a peak mixing index of 0.9891 at Re = 100. However, this configuration
also caused significantly higher pressure drops, up to 33.3160 Pa at Re = 600, which is approxi-
mately 375% higher than that of the 30° design at the same Reynolds number.

In contrast, the 30° VG configuration demonstrated a remarkable balance at higher
Reynolds numbers. At Re = 600, it achieved the highest mixing index of 0.9468 while main-
taining a relatively low pressure drop of 7.0194 Pa, making it the most energy-efficient option.
The 45° case offered intermediate performance but did not outperform either extreme across
the evaluated range.

Considering both mixing effectiveness and energy consumption, the optimal configu-
ration is the 30° VG inclination at Re = 600. This set-up delivers excellent mixing comparable
to steeper VG angles, while significantly reducing the pressure drop, making it ideal for high
through put or energy sensitive applications.
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