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ABSTRACT 
This work presents guidelines for controlling and intensifying mixing in oscillatory opposed-jet 
mixers, focusing on Confined Impinging Jets (CIJs) as a model system where flow behavior is 
primarily governed by oscillatory parameters, decoupled from geometric complexity. Computa-
tional Fluid Dynamics (CFD) simulations were used to investigate the effects of oscillation ampli-
tude and frequency on mixing. The results show that at high amplitudes, mixing is robust across a 
broad frequency range, as energy injection is sufficient to promote vortex formation and their 
propagation to the reactor’s outlet. At low amplitudes, mixing is highly sensitive to the oscillation 
frequency and occurs only near the resonance frequency, the specific frequency at which the 
flow's response to the applied oscillation is maximized. At low amplitude, lower frequencies fail to 
inject sufficient energy, while higher frequencies promote flow segregation. Remarkably, effective 
vortex propagation and mixing were achieved even at very low net Reynolds numbers (Renet = 25), 
increasing the residence time from 0.042 s at Renet = 300 to 0.5 s at Renet = 25. Two quantitative 
mixing metrics corroborate the qualitative flow observations and were instrumental in defining 
practical guidelines for process intensification. These findings provide new insights into how os-
cillatory forcing can be tuned to control mixing scales, enabling efficient mixing under a wide range 
of operating conditions, including shear-sensitive processes. The study offers a foundation for the 
model-based design and optimization of intensified static mixers, linking oscillation parameters, 
Reynolds number, and residence time to application-specific mixing performance. 
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INTRODUCTION 
Static mixers are characterized by the absence of 

external moving parts, offering efficient mixing control 
and low energy consumption, in contrast to mechanically 
agitated devices. The mixing performance of these de-
vices is strongly dependent on the operating Reynolds 
number, which should be above a critical threshold, usu-
ally Rec > 120 [1]. 

Under these specific conditions, the flow evolves 
from a steady state to a chaotic regime, characterized by 
the formation of dynamic vortices that enhance heat and 
mass transfer [2]. Yet, these advantages are restricted to 

operations above Rec, and are ineffective when dealing 
with applications that require long residence times.  

Oscillatory flow is an alternative to improve mixing 
stability in static mixers across a broader Reynolds num-
ber range. It consists of imposing an oscillatory flow rate, 
defined by an oscillation frequency and amplitude. 

This concept is already used in Oscillatory Flow Re-
actors (OFRs), characterized by a baffled tubular reactor 
with a superimposed oscillatory stream [3], [4]. Mixing in 
conventional OFRs has mainly evolved from the interplay 
between geometric design and oscillation conditions, 
making it difficult to isolate or generalize the influence of 
oscillation alone. In both OFRs and the more recent O-
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NETmix configuration [5], this interdependence arises 
from the repeated contractions and expansions in the re-
actors, which modulate the flow field.  

Promising alternatives are systems in which oscilla-
tion can act as the primary driver of flow dynamics, such 
as opposed-jet mixers, which allow the development of 
predictive models that describe flow behaviour as a func-
tion of oscillatory parameters alone, decoupled from ge-
ometric complexity and net flow rate. 

Moreover, opposed jets mixers have been widely 
implemented in pharmaceutical applications processes, 
such as the production of lipid nanoparticles for mRNA 
encapsulation – e.g., mRNA vaccines - [6], where precise 
control over micromixing scales is critical for product 
quality. Mixing is achieved by injecting two streams 
through opposed jets into a confined chamber, where 
they evolve into larger vortices. These vortices promote 
the engulfment of the streams, leading to a phenomenon 
called the inverse energy cascade, typical of 2D turbulent 
flows, where the energy is injected from smaller scales, 
approximately with the size of feed flow streams (≈ 𝑑𝑑), 
growing to feed larger eddies, with roughly the dimension 
of the reactor diameter or width (≈ 𝐷𝐷) [7]. The dominant 
mechanism of energy dissipation is the viscous stress 
field associated with vortices that evolve throughout the 
reactor, sustained by the inlet jet streams. Previous stud-
ies on oscillatory flow in opposed-jet mixers have shown 
promising results in controlling the 2D turbulent energy 
spectrum in response to an external stimulus [8].  

However, existing numerical studies remain limited: 
studies on Oscillatory-CIJs (OCIJs) are at an early proof-
of-concept stage, lack quantification of mixing, and cover 
only a small range of oscillation frequencies and Reynolds 
numbers, constraining model generalization [8]. 

The present study aims to establish guidelines for 
implementing oscillatory flow for efficient mixing in 
chemical reactors, with a demonstrative application to 
the CIJs case. It also intends to use oscillatory flow to 
operate at low Reynolds numbers, achieving longer resi-
dence times with comparable mixing efficiencies to those 
in cases with higher Reynolds numbers. 

METHODOLOGY 

Computational Fluid Dynamics (CFD) 
The flow was simulated using the CFD package AN-

SYS/Fluent 2021 R2, considering a 2D model of the CIJs 
geometry (Figure 1). The geometry consists of a rectan-
gular chamber of width 𝐷𝐷 and length 𝐻𝐻, and two injectors 
of size 𝑑𝑑, positioned at a distance ℎ from the top wall. 

The continuity, Navier-Stokes, and transport of spe-
cies equations are solved for an isothermal flow and a 
Newtonian, incompressible fluid,  

𝛁𝛁 ∙ 𝜐𝜐⃗ = 0      (1) 

𝜌𝜌���⃗
��

+ 𝜐𝜐⃗ ∙ 𝛁𝛁𝜐𝜐�⃗ = −𝛁𝛁𝑝𝑝 + 𝜇𝜇 𝛁𝛁2𝜐𝜐 ⃗     (2) 

���
��

+ 𝛁𝛁 ∙ �𝜐𝜐𝑌⃗𝑌�� =  𝐷𝐷� 𝛁𝛁2𝑌𝑌�    (3) 

where 𝜐𝜐 ⃗is the velocity vector field, 𝑝𝑝 the static pres-
sure, 𝑌𝑌� is fluid A mass fraction, and 𝐷𝐷� = 10−9 m2 s−1 is 
the mass diffusion coefficient of fluid A in fluid B. The 
working fluid consists of a mixture of two viscous fluids 
(fluids A and B) both with identical physical properties (𝜌𝜌 
= 1000 kg/m3 and 𝜇𝜇 = 0.02 Pa∙s). Conditions of no gravity 
were considered in the simulations. These properties 
were considered to mimic the fluids used in CIJs indus-
trial applications.  

 
Figure 1. 2D CIJs geometry. 

The velocities of the liquid stream have two compo-
nents: (i) a net flow part characterized by a net Reynolds 
number, and (ii) an oscillatory part described mathemat-
ically by a sine wave. 

The net Reynolds number is defined at each inlet by 

Renet = ������
�

       (4) 

where 𝜌𝜌 and 𝜇𝜇 are the fluid’s density and viscosity, 
respectively, 𝑑𝑑 is the inlet’s width, and 𝜐𝜐��� is the inlet 
stream velocity. 

The velocity profiles at the inlets are defined by 
Equation 5 (bottom inlet) and Equation 6 (top inlet) 

𝜐𝜐����� �(𝑥𝑥, 𝑡𝑡) = 3

2
 𝜐𝜐����1−

4�2

�2
�[1 + 𝛹𝛹 sin(2𝜋𝜋𝑓𝑓�𝑡𝑡 + 𝜑𝜑)]   (5) 

𝜐𝜐����� �(𝑥𝑥, 𝑡𝑡) = 3

2
 𝜐𝜐����1−

4�2

�2
�[1 + 𝛹𝛹 sin(2𝜋𝜋𝑓𝑓�𝑡𝑡)]    (6) 

where 𝛹𝛹 = Reo/Renet is the amplitude (or velocity ra-
tio), 𝑓𝑓� is the oscillatory frequency, and 𝜑𝜑 is the phase-
shift between the two inlet streams. In this study, it was 
considered 𝜑𝜑 = 𝜋𝜋, which means that the liquid streams 
are injected in the confined chamber in out-of-phase.  

The average residence time in the reactor can be 
computed from 
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𝜏𝜏 = ��

2�����
         (7) 

Simulations employed a pressure-based laminar 
solver using the Coupled scheme. Discretization utilized 
Second Order Implicit time integration, Least Squares 
Cell-Based gradients, PRESTO! for pressure, and Second 
Order Upwind for momentum.  
 The CFD mesh considered was validated in previous 
works [9], consisting of a fine mesh with an element size 
of Δ𝑥𝑥 = 50 𝜇𝜇m. 

Although the adopted grid does not resolve the 
Batchelor scale associated with the high Schmidt num-
ber, capturing these micro-scales is unnecessary for this 
macroscopic study. The mesh has already been validated 
for hydrodynamics and the resolution of large-scale 
transport. Furthermore, because this resolution effect is 
systematic across all simulated cases, the applied met-
rics remain a strong indicator for comparison of mixing 
quantification. 

 The initial solution for the dynamic simulations was 
a steady-state solution that considered only the net 
Reynolds number for each tested condition. The reactor 
was initially filled with fluid A. The simulations ran for 300 
000 time-steps, corresponding to 20 times the residence 
time (20𝜏𝜏), considering a time-step of Δ𝑡𝑡 = 8.3 × 10−6 s, 
with a convergence criterion of 10-4. 

The different conditions tested in the CFD simula-
tions are summarized in Table 1. 

Table 1: Conditions used for inlet velocity profiles in CFD 

Strategy 𝝉𝝉 (s) 𝐑𝐑𝐞𝐞��� 𝐑𝐑𝐞𝐞𝒐𝒐 𝜳𝜳  𝒇𝒇𝒐𝒐 
(Hz) 

No oscillation   - - - 
  - - - 

Low amplitude      
  
  

High ampli-
tude 

     
  
  

Low Reynolds      

Mixing of species 
Two different approaches were used to quantify 

mixing and analyse its mechanisms in the CIJs simula-
tions of the binary mixture. 

First, the length of the interface between Fluids A 
and B was computed, which represents the generation of 
interfacial area in a two-dimensional configuration. The 
interface can be identified from the simulated flow by ex-
tracting an Iso-Line corresponding to a fluid’s mass 
fraction of 0.5. The total length of this Iso-Line, 

𝑠𝑠���������, is then computed. 
One of the key characteristics of CIJ reactors is that 

optimal mixing performance is achieved under chaotic 
flow conditions, for which the interfacial length grows ex-
ponentially along the flow direction [10]. At this regime, 
mixing can be quantified by the stretching of a material 
line defining the interface between the two fluids. Con-
sequently, the interface length provides a direct measure 
of mixing performance: an increase in 𝑠𝑠��������� indicates 
enhanced stretching and folding, resulting in a larger 
number of locations where the mass fraction approaches 
0.5. 

The interfacial area normalized by the inlet’s width, 
𝑑𝑑, is defined by 

𝛼𝛼 = �interface
�

     (8) 

 A second metric was computed from the CFD simu-
lations to quantify the species' mixing area. This metric 
accounts for the fraction of the reactor area in which the 
fluid’s mass fraction lies within a prescribed tolerance of 
the completely mixed value of 0.5. A tolerance of ± 20% 
was adopted, such that regions with mass fraction values 
between 0.45 and 0.55 are considered mixed. An Iso-
Clip was applied in CFD-Post to identify these regions, 
and the mixing area fraction was computed as 

𝛽𝛽 = �mixed

�reactor
     (9) 

 where the 𝐴𝐴������� = 𝐻𝐻 × 𝐷𝐷 = 50 × 10 = 500 mm2. To-
gether, these metrics provide complementary insights 
into both mixing performance and the mechanisms un-
derlying it. 
 The 𝛼𝛼 and 𝛽𝛽 values were computed at the last time-
step simulated, corresponding to 𝑡𝑡 = 20𝜏𝜏. 

RESULTS AND DISCUSSION 

Non-oscillatory benchmark 
Non-oscillatory flow was simulated at Reynolds 

numbers of Re = 50 and Re = 300, to serve as a bench-
mark for the oscillatory cases. Figure 2 shows the inter-
face (black line) and mixing area (green) contour map for 
these two reference cases without oscillation. 
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 Figure 2. Interface line and mixing area contour maps 
(green) for non-oscillatory flow at: (a) Re = 50 and (b) Re 
= 300. 

The flow regime at Re = 50 is characterized by 
steady-state flow, in which the two fluids flow parallel to 
each other in the CIJs chamber [11]. No convective mix-
ing occurs between the two halves of the CIJs chamber, 
which is shown by the straight interface line formed be-
tween the two fluids. The normalized interfacial area 
achieved a final value of 𝛼𝛼 = 110. This indicates that the 
interface between fluids A and B increased to 110 times 
the initial inlet width, 𝑑𝑑 = 1.5 mm. The final mixing area is 
limited to 𝛽𝛽 = 2%, meaning that only 2% of the reactor 
achieved a well-mixed state, defined as having mass 
fractions between 0.45 and 0.55. 

In contrast, at Re = 300, the flow regime is charac-
terized by a self-sustained chaotic flow. The two streams 
from each jet impact at the center of the chamber, en-
gulfing each other and forming large vortices that propa-
gate throughout the main chamber [11]. The interface line 
delineates the vortices circular shape, achieving a final 
value of 𝛼𝛼 = 312. The chaotic advection occurring at this 
regime significantly enhances homogeneity. The well-
mixed region expanded to cover a mixing area of 𝛽𝛽 = 12 
%. These results confirm the strong dependence of the 
CIJs' mixing performance on the inlet Reynolds number. 
Operating at Re = 300 produced a threefold increase in 
interfacial area (𝛼𝛼) and a sixfold increase in mixing area 
(𝛽𝛽) compared to the Re = 50 case. 

Oscillatory Flow 
Previous work suggests that flow dynamics improve 

when the oscillation frequency resonates with the fre-
quency of vortex formation [5], [8]. Based on this, a fre-
quency screening was performed at a net Reynolds num-
ber of Re = 50 with amplitudes of Ψ = 0.5 and Ψ = 6. The 
frequencies tested (6 Hz, 13 Hz, and 80 Hz) were specif-
ically chosen to match vortex formation frequencies at Re 

= 25, 50, and 300. The frequencies of vortex formation 
(𝑓𝑓������) were computed using the following equation [7], 
[8] 

𝑓𝑓������ = 4� Re

�� �2
     (10) 

  Additionally, a lower net Reynolds number, Re = 
25, imposing the resonance frequency of 6 Hz and an 
amplitude Ψ = 1 was also tested. 

Flow dynamics and contour plots 
Figures 3 to 5 show the interface (black line) and 

mixing area (green) for all oscillatory conditions tested.  
At low amplitude (Re50_Ψ0.5), the hydrodynamic 

behaviour strongly depends on the frequency used. With 
an oscillatory Reynolds number of Reo = 25, significantly 
lower than the critical value of Rec = 120, the flow regime 
is dominated by frequency, with amplitude playing a sec-
ondary role. This is clearly observed from the interface 
lines in Figure3b: at 𝑓𝑓 = 13 Hz, with a resonance fre-
quency of Re = 50, there is effective vortex shedding in-
side the CIJs chamber. Although at 𝑓𝑓 = 6 Hz (Figure 3a), 
large vortices are formed near the impact point, they tend 
to lose their shape at the reactor’s outlet. At 𝑓𝑓 = 80 Hz 
(Figure 3c), the oscillation becomes too fast for the low 
amplitude, resulting in the formation of a waving interface 
rather than large vortices. 

 
Figure 3. Interface line and mixing area contour maps 
(green) for oscillatory flow with low amplitude (Ψ = 0.5) 
for: (a) 𝑓𝑓 = 6 Hz, (b) 𝑓𝑓 = 13 Hz and 𝑓𝑓 = 80 Hz. 
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Figure 4. Interface line and mixing area contour maps 
(green) for oscillatory flow with high amplitude (Ψ = 6) 
for: (a) 𝑓𝑓 = 6 Hz, (b) 𝑓𝑓 = 13 Hz and 𝑓𝑓 = 80 Hz. 
 

 
Figure 5. Interface line and mixing area contour maps 

(green) for oscillatory flow with low Reynolds 
(Re25_Ψ1_𝑓𝑓�6Hz). 

In contrast, at high amplitude (Re50_Ψ6), the effect 
of the oscillation is very similar across the three frequen-
cies studied (6 Hz to 80 Hz). Under these conditions, the 
oscillatory Reynolds achieves Reo = 300, which is above 
the critical Reynolds. At 𝑓𝑓� = 6 Hz (Figure 4a), the vortices 
formed have an elongated, ellipsoidal shape, which be-
comes more circular and organized when the frequency 
is increased to 𝑓𝑓� = 13 Hz (Figure 4b). The resonance ef-
fect leads to the formation of more coherent circular vor-
tices of size 𝐷𝐷 along the entire reactor. In the 80 Hz case 
(Figure 4c), the vortices degenerate into smaller struc-
tures. A progressive increase in the mixing area (green 
zone) with increasing frequency is observed. A larger 
mixing area is achieved for 𝑓𝑓� = 80 Hz, at high amplitudes. 

However, improved control of the mixing scales, de-
fined by the size of the resulting vortex structures, is 
achieved at low oscillation frequencies, most notably at 
the resonance frequency of 𝑓𝑓� = 13 Hz. 

For the low Reynolds condition (Figure 5), a fre-
quency of 6 Hz was applied in the oscillation, matching 
the frequency of vortex formation at Re = 25. Under these 
conditions, successive circular vortices develop along 
the chamber, during which the fluid becomes striated, 
and lamellar structures are formed. Although the mixing 
area is smaller than in the high-amplitude cases (Figure 
4), the oscillatory Reynolds number is Re� = 25, which is 
twelve times lower than the Re� = 300 used in the high-
amplitude case. Consequently, the mixing mechanism is 
non-chaotic and more closely resembles the striation ob-
served in the low-amplitude cases shown in Figure 3. 

In summary, these qualitative observations demon-
strate that the mixing phenomenon in oscillatory flow is 
governed by the interplay between the imposed oscilla-
tion frequency and amplitude. The oscillation amplitude 
acts as the main mechanism for energy injection, provid-
ing the necessary momentum to transport vortices from 
the impact point to the outlet of the chamber. 

The energy injection is sufficient to exceed the crit-
ical limit when the amplitude considered satisfies Ψ >
Rec/Renet, a condition that directly drives the oscillatory 
Reynolds number above the critical value (Reo > Rec). 
Here, vortex formation becomes widespread and inde-
pendent of the imposed frequency, even while the net 
Reynolds number remains below the critical value. 

However, when the oscillation frequency is tuned to 
the natural vortex shedding frequency (defined by Renet), 
a resonance effect is generated. This resonance allows 
the instabilities formed at the impingement point to prop-
agate along the length of the reactor, enabling efficient 
mixing even at low amplitudes.  

Mixing quantification 
Figure 6 shows the normalized interfacial area 𝛼𝛼 and 

mixing area 𝛽𝛽 for the low amplitude (orange triangle), high 
amplitude (black square), and low net Reynolds (yellow 
circle) conditions. 

Both plots, 𝛼𝛼 and 𝛽𝛽, confirm a strong frequency de-
pendence in the low-amplitude case (orange). At 𝑓𝑓� = 13 
Hz, 𝛼𝛼 surpasses the value obtained for the non-oscilla-
tory flow at Re = 300 (green dashed line), while at 𝑓𝑓� = 80 
Hz, 𝛼𝛼 is below the Re = 50 benchmark (red dashed line). 
This implies that the combination of low amplitude and 
high frequency results in a quasi-segregated flow re-
gime, where the two inlet streams barely interact. 

Despite the high 𝛼𝛼 at 13 Hz, the mixing area (𝛽𝛽) never 
exceeds the Re = 300 benchmark. This indicates that 
low-amplitude oscillatory mixing is driven by laminar 
stretching and folding rather than the chaotic advection 
associated with higher Reynolds numbers. 

On the other hand, 𝛼𝛼 and 𝛽𝛽 are always above the Re 
= 300 values, when high amplitude is applied (black). This 
efficient performance indicates that chaotic advection is 
occurring under these oscillatory conditions.  
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Figure 6. Mixing metrics for oscillatory flow in CIJs and 
non-oscillatory references: (a) normalized interfacial 
area, and (b) normalized mixing area. 

Although the interfacial area values are significantly 
higher at 𝑓𝑓� = 80 Hz, this behavior is not reflected in the 
normalized mixing area, which shows similar values at 𝛽𝛽 ≈ 
50%, for 𝑓𝑓� = 13 Hz and 80 Hz. This means that approxi-
mately 50% of the CIJs area is well-mixed, according to 
the defined criterion. 

Finally, for the low net Reynolds condition (yellow), 
the normalized interfacial area generated is high, and 
comparable to the high amplitude case with 𝑓𝑓� = 80 Hz. 
This highlights a synergetic effect of frequency and am-
plitude, since in this case the frequency chosen reso-
nates with both the net Reynolds and the oscillatory 
Reynolds because Ψ = 1

 
⇒Renet = Reo. However, as ex-

pected, the mixing mechanism is similar to the low ampli-
tude case, laminar stretching and folding, leading to 𝛽𝛽 
values below the Re = 300 benchmark. 

Guidelines for oscillatory mixing in CIJs 
Based on these results, optimal mixing is obtained 

by operating at the resonance frequency of the net Reyn-
olds number and using high oscillation amplitudes.  

However, the choice of oscillatory conditions 

strongly depends on the intended application. Operating 
at low amplitudes, for which the oscillatory Reynolds 
number Re� does not exceed the critical Reynolds thresh-
old, is an advantage for shear-sensitive processes. In this 
regime, the flow remains at low Reynolds numbers, 
thereby limiting shear stresses and strong inertial forces. 
Moreover, at low amplitudes, the flow dynamics are en-
tirely governed by the imposed sinusoidal inlet flow rate, 
in addition to the associated increase in residence time. 

In contrast, high amplitudes are particularly advan-
tageous for processes characterized by low net Reynolds 
numbers that require fast, efficient mixing, if shear sen-
sitivity is not a limiting factor. 

Figure 7 shows a schematic overview of the pro-
posed guidelines for process intensification in oscillatory 
opposed-jet mixers.  

The primary objective of intensifying mixing in these 
devices is to increase the average residence time without 
compromising mixing quality. Therefore, the first step is 
to determine the required average residence time, 𝜏𝜏, 
based on the specific application (e.g., crystallization or 
cell growth). If Equations 4 and 7 are combined, the net 
Reynolds number can be computed from the residence 
time as Renet = ���

2��
. 

 It is important to note that this procedure is only 
valid for Renet < Rec. This constraint must therefore be 
considered when selecting the reactor residence time.  

The second step concerns the computation of the 
oscillatory frequency using Equation 8. Then, the oscilla-
tion amplitude should be selected according to the na-
ture of the application: (i) for shear-sensitive processes, 
a low amplitude is recommended; (ii) for non-shear-sen-
sitive processes, a high amplitude may be employed. The 
amplitude is classified as low or high depending on 
whether Reo < Rec (i.e., Ψ < Rec/Renet), or Reo > Rec (i.e., 
Ψ > Rec/Renet). 

Finally, at low oscillation amplitudes, laminar mixing 
dominates, leading to the formation of an ordered vortex 
street and predictable fluid striation dictated by the si-
nusoidal inlet conditions. In contrast, high-amplitude os-
cillations promote chaotic advection, resulting in a higher 
degree of fluid homogeneity than in the non-oscillatory 
chaotic flow regime used as a benchmark. 

CONCLUSIONS 
This work represents the first quantification of mix-

ing in oscillatory CIJs using these metrics, interfacial area 
and mixing area. These metrics were fundamental in de-
fining practical guidelines for process intensification and 
corroborating the qualitative flow observations. This 
study also provides new insights into the combined ef-
fects of amplitude and frequency and demonstrates ef-
fective mixing at net Reynolds numbers way below the 
critical value.  
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Optimal mixing in oscillatory opposed-jet mixers is 
achieved at the resonance frequency of the net Reynolds 
number with high oscillation amplitudes. Nevertheless, 
the choice of oscillatory conditions depends on the in-
tended application: low amplitudes favor shear-sensitive 
processes by maintaining laminar mixing, while high am-
plitudes enhance mixing efficiency and homogeneity in 
non-shear-sensitive applications. 

These findings offer a framework for setting mixing 
efficiency and dependent product properties from con-
trol of the residence time, oscillation frequency, and am-
plitude based on application requirements, while ensur-
ing operation within the appropriate Reynolds number re-
gime. 
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