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Abstract

The rapid development of micro fabrication processes has raised an urge to create and enhance effi-
cient microfluidic devices capable of handling small amounts of fluid. Amongst these devices stand the
micromixers, tiny devices whose objective is to homogenize a solution of fluids. The main problem resides
on the fact that, given the reduced dimensions of such devices, in the order of thousands of micrometers,
laminar regimes prevail. As a result, molecular diffusion, rather than turbulence, dominates the mixing
process, consuming a majority of the time in LOC systems. To overcome this issue, it has been applied a
pulsed flow, namely water, on an asymmetric T-shaped micromixer, using a numerical approach, by pump-
ing a square wave on each inlet, phase out by an angle of 180◦. Three main parameters are analysed: the
variation of the mean flow rate and the variation of frequency, both at a constant maximum to minimum
flow rate ratio, and the variation of the pulse amplitude, at a fixed mean flow rate and frequency. The
results have shown the existence of an optimal Strouhal number leading to a mixing quality peak, situated
between 0.10 and 0.20, which varies with the Reynolds number. Regarding the increase of amplitude,
results have shown mixing quality improvements, consequence of the vortex generated at the wider inlet.
The increase of the Reynolds number for a fixed Strouhal number also improves the mixing quality, since
higher kinetic energies associated to the input flows lead to the generation of stronger flow structures.

Keywords: Asymmetric T-shaped Micromixer, Pulsed Flow, Square wave, Strouhal number, Reynolds
number, Amplitude

1 Introduction

Microfluidics is a science field which consists in
the miniaturization of fluid handling and analysis.
It has been emerging for the last couple of decades
due to the vast technology advancements performed
in the area of microfabrication. This is a technol-
ogy with a lot of potential as it offers advantages
regarding small fluid volume handling, low fabrica-
tion and operational costs and short reaction times
[1].

In the early 1990s, the concepts of micro to-
tal analysis systems (µ-TAS), for multi-task chips,
and lab-on-a-chip (LOC), for single-task chips, have
been introduced as a way to diminish the conven-
tional equipments and technologies. However, it
was not until 2002, with the introduction of the
large-scale integration incorporating micropumps
and microvalves concept, based on microelectrome-
chanical systems (MEMS), that microfluidics true
potential has surfaced [1].

So far developments have enabled versatile lab-
on-a-chip systems used on a wide range of appli-
cations, from miniature fuel cells to microarrays,
for pharmaceutical development, medical diagnos-
tics and culturing embryos; benefiting science fields
such as biology, chemistry and alike [2].

Most of microfluidic applications rely on fluid
mixing, which is accomplished by micromixers.
However, low Reynolds numbers are typical in mi-

crofluidic systems, leading to laminar flows. As a re-
sult, molecular diffusion dominates the mixing pro-
cess, which, solely, conduct to a poor mixing qual-
ity. From the previous premise arises the necessity
to improve mixing quality.

Some of these devices, the passive micromixers,
rely solely on the geometry to improve mixing qual-
ity, like including obstacles along the mixing chan-
nel, using ribbed walls or design asymmetric inlets.
On the other hand, an external source can also be
used to promote mixing quality. In these cases,
known as active micromixers, the external source
varies widely, from ultrasounds or bubble-induced
vibrations to the variation of the flow rate at the
inlets, among others [3, 4].

Nevertheless, both groups manage to submit the
flow to favourable mixing conditions, either by the
generation of flow structures inside the micromixer,
or by promoting the dispersion/collision of fluid par-
ticles.

Several studies have been reported in literature
concerning the implementation of pulsed flow to im-
prove the mixing quality, either numerically [5, 6]
and experimentally [7]. The method approached in
the present study relies on micropumps at both in-
lets to vary the incoming flow rate, pulsed in the
form of square waves, but, in addition, explores the
geometrical asymmetry at the inlet channels to im-
prove the fluids interactions.
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1.1 Dimensionless Parameters Charac-
terizing Pulsed Flows

A wide variety of physical phenomena occur in
microfluidic devices, the importance of which must
be judged against competing phenomena. Dimen-
sionless numbers expressing the ratio of these phe-
nomena give a sense for where a system sits in fluidic
parameter space. Motivated by this picture, here
will be reviewed this parameter space, by exploring
the dimensionless numbers [8].

Dimensionless numbers can be a very powerful
tool for flow analyses. It is possible to identify the
regime of a flow by calculating the Reynolds num-
ber, a dimensionless number that relates the inertial
and viscous forces. The highest the Reynolds num-
ber the highest the turbulence inherit to that flow.

Re =
ρvL

µ
=
vL

ν
(1)

The Reynolds number depends not only on the
fluid characteristics, like density and dynamic vis-
cosity, but also on the geometry of the path the fluid
flows through, known as specific length, as well as
the flow velocity. Due to the dependency on the ge-
ometric factor, the transitional Reynolds number,
Reynolds number from which flow enters the turbu-
lent regime, is a lot smaller for internal microfluidic
flows.

In microchannels, flow regime is predominantly
laminar, where viscous effects and diffusivity pre-
vail. The studied microchannels have a rectangular
section, meaning the specific length is given by the
hydraulic diameter, where h stands for height and
w stands for width.

L = Dh =
2hw

h+ w
(2)

In addition, it is also necessary to introduce a di-
mensionless number capable to relate the flow char-
acteristics to its unsteady pulsatile nature.

The Strouhal number, which is used to charac-
terize fluidic systems where a frequency is present,
represents the ratio of the characteristic time pe-
riod of the flow to the forcing (pulsing) period
[9]. Higher Strouhal numbers correspond to sub-
volumes of fluid experiencing more pulses and there-
fore likely better mixing [9, 10].

St =
fL

v
=
D2
hf

νRe
(3)

1.2 Governing Equations

The computational approach involves the calcu-
lation of the numerical solution of the Navier-Stokes
equation (4a) in three dimensions, continuity equa-
tion (4b) and convection-diffusion equation (4c) for
unsteady-flow of an incompressible Newtonian fluid.

ρ[
∂~v

∂t
+ (~v.∇)~v] = −∇p+ ρg + µ∇2~v (4a)

∇.~v = 0 (4b)

∂C

∂t
= ∇.(D∇C)− ~v.∇C (4c)

Here, ~v is the velocity vector, ρ is the volumetric
mass of the fluid, p the pressure, µ is the dynamic
viscosity and C and D are the concentration and
diffusion, constants of the species, respectively.

1.3 Quantification of the Mixing Qual-
ity

In order to measure the mixing quality between
two fluids it is necessary to apply a quantitative
method capable of determining the average concen-
tration of two species. Usually, the method applied
to micromixers is the Danckwerts’ method, which
consists in the calculation of the mixing intensity,
or mixing index, αmix, based on the segregation in-
dex Is [11, 12].

αmix = 1−
√
Is = 1− σc

σc,max
(5)

The square root of the segregation index is the
ration between the standard deviation of the species
concentration and the maximum standard deviation
of those species concentration [13]. These values
can be obtained by applying the mean square error,
from which the following equation is derived:

αmix = 1−

√
Npol∑
i=1

(φi−µ)2
Npol

µ
(6)

Here, Npol is the number of cells along the section,
µ is the ideal mass fraction, which in this case is
µ = 0.5 and φi is the mass (or volume) fraction of
the species in nth cell [14, 10, 15, 6]. The velocity
factor is suppressed in this analysis.

2 Physical and Mathematical Mod-
elling

2.1 Geometric Parameters

The geometric parameters, labelled in connection
with figure 1 (a), can be seen in table 1. Figure 1 (b)
represents an identical view of the CAD micromixer
with a top-section cut.

Wia Wib W0 H L Dh

107.0 201.0 201.0 101.0 2× 103 134.4

Table 1: Geometric parameters of the studied mi-
cromixer (µm).

The implemented numerical grid is structured,
oriented according to the micromixer walls. The
x direction corresponds to the direction parallel to
the inlet channels, the y direction goes along the mi-
cromixer height and the z direction is the direction
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(a) Asymmetric T-shaped micromixer.

(b) CAD micromixer.

Figure 1: Geometric parameters of the asymmetric
T-shaped micromixer.

perpendicular do the plane formed by the remaining
two directions, parallel to the outlet channel.

2.2 Numerical Solver and boundary
conditions

The governing equations, mentioned in section
1.2, are discretized using the Finite Volume method.
The iterative method used is described in [16].

The spatial derivatives are approximated with
implicit difference operators of second-order accu-
racy. For convective terms the upwind approach is
used and for the diffusive terms the central approx-
imation is used. The time derivatives are approx-
imated with an implicit first-order Euler scheme.
These techniques are complemented by an operator-
splitting technique, to solve the pressure-velocity
decoupling problem. This method follows the SIM-
PLER approach, resulting in an elliptic discrete
pressure equation that takes into account boundary
conditions for velocity.

Regarding the boundary conditions, atmospheric
pressure was set at the end of the mixing channel,
in complement with a condition of fully developed
flow, i.e. dC

dz = 0 and d~v
dz = 0. Nevertheless, the

mixing channel is considered long enough so that
the numerical reflection caused by the imposition of
such conditions to have no impact on the parame-
ters obtained at the mid-section station. Moreover,
in both inlet channels a specific flow stream was
imposed, behaving as a square wave, whose param-
eters, namely flow rate and frequency, vary accord-

ing to the study. On the micromixer inner walls a
no-slip condition was applied.

3 Mesh Refinement Study

Verification is a revision process with the intent
of guaranteeing that the results obtained are within
an acceptable range of uncertainty. This process
was conducted with a pulse flow varying between
800-1800 µL/min, with the inlet flows phased out
by an angle of 180◦ and a frequency of 5 Hz.

Aiming at simplifying the analysis of the evo-
lution of the mixing index with time, the period
of time associated to when a higher flow rate is
pumped from the wider inlet, and a smaller flow
rate is pumped from the narrower inlet, is denom-
inated phase A and, in opposition, the period of
time when a higher flow rate is pumped from the
narrower inlet, and a smaller flow rate is pumped
from the wider inlet, is denominated phase B.

The mesh refinement study is performed based on
the set of equations 7 and 8. Mesh sizes are related
through the calculation of the refinement ratio, ri.

ri =
( hi
h1

)1/3
=
(N1

Ni

)1/3
(7)

ed(φ) = φi − φ0 = αrpi (8)

In these equations, hi is the typical size of the
mesh and corresponds to the inverse of the num-
ber of cells in the mesh, Ni, with N1 corresponding
to the number of cells of the most refined mesh, φi
is the approximate solution, φ0 is the extrapolated
solution when ri tends to zero, α is a characteris-
tic constant that varies with the problem, p is the
asymptotic order of convergence and ed(φ) is the
discretization error.

Four geometrically identical meshes have been
calculated for each phase, whose information is sum-
marized in table 2.

Figure 2 shows the solutions obtained, as well as
the respective trend lines, for phase A in the ex-
pression 9 and for phase B in the expression 10, ob-
tained using the MATLAB 2015a software, within
95% confidence.

φiA = 0.1398 + 0.00387r5.481i (9)

φiB = 0.3953 + 0.009744r5.559i (10)

The numerical uncertainty is then given by equa-
tions 11 and 12, and the results for the present study
are summarized in figure 3. The safety factor, Fs,
has a value of 1.25 for the expected asymptotic or-
der of convergence, p, and 3 in any other case [17].
In this case, given that the asymptotic orders of con-
vergence obtained in either phase are of fifth order,
and for conservative purposes, Fs = 3.
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Mesh A B C D

Number of fluid cells, Ni 112359 212432 253980 410340

Refinement ratio, ri 1.540 1.245 1.173 1.000

Mixing Intensity, αmix (phase A) 0.18105 0.153716 0.147703 0.144136

Mixing Intensity, αmix (phase B) 0.50279 0.426309 0.421628 0.404291

Table 2: Data of the refinement study.

Figure 2: Scatter data points and respective ten-
dency lines for both phases.

φi − U(φ) ≤ φexact ≤ φi + U(φ) (11)

U(φ) = Fsed(φi) (12)

The comparison between the numerical uncer-
tainty, represented in figure 3, obtained for each
phase indicates a higher uncertainty associated to
phase B. The complexity of the flow structures gen-
erated in phase B makes the convergence process
more difficult than in phase A, hence the higher nu-
merical uncertainty associated to this phase.

4 Results and Discussion

This work, as mentioned before, adresses the
study of pulsed inlet flows in an asymmetrical T-
micromixer. The summary of the variations of the
flow characteristics with the pulse frequency [25-
2000 Hz] of the square waves at the inlet microchan-
nels and the mean flow rate [390-2600 µL/min] at
the outlet microchannel is presented in table 3.

4.1 Effect of frequency

The analysis of the impact of varying the fre-
quency on the mixing quality is performed by us-
ing the adequate non-dimensional parameter, the

Strouhal number, as this permits to guarantee that
each fluid completes the same number of pulses in-
side the micromixer regardless of the Reynolds num-
ber in the outlet microchannel.

Figure 4 displays the variation with the Strouhal
number of the mixing index, αmix, at the station
located at z=1 mm in the outlet channel, for the
Reynolds number of 43.3, 101.1 and 289, according
to table 3.

The data presented in figure 4 suggests the exis-
tence of an optimal Strouhal number, Stopt, that
yields a maximized mixing index αmix, 0.1 <
Stoptimal < 0.2, for each Reynolds number stud-
ied herein. Such Strouhal number corresponds to
the situation for which, given a pulsed flow on the
studied asymmetric T-micromixer, the imposed fre-
quency is maximized in order to promote the inter-
action between both incoming fluids and eliminate
the existence of low mixing regions, while preserving
the strength of the flow structures generated in the
T-junction zone, which will further increase mixing.
In fact, for very small values of the Strouhal number
(pulse frequency), its variation appears to yield no
relevant improvement of the mixing index, since this
parameter remains practically constant for an entire
pulse, varying between two limiting values, the low-
est related to phase A and the highest related to
phase B. This becomes quite evident from figure 5
that illustrates the mixing index, αmix, variation
with time at the station z=1 mm for the two low
frequency cases (5 Hz and 25 Hz), for a Reynolds
number of 289, corresponding to very small Strouhal
numbers. This is due to the fact that, for a certain
Reynolds number, small Strouhal numbers provide
plenty of time for the flow to develop, mitigating
the effects of transitions.

Two distinct flow structures are generated on
each phase. This is illustrated in figure 6, that
shows the flow structures at half-length of the mix-
ing channel. For phase A (figure 6a) two main pairs
of vortices are formed upon the income of the flu-
ids interaction, which are separated by the fluids
interface, slightly deviated from the centre towards
the narrower inlet channel (the left-hand side on
figure 6a). A much less intense pair of vortices is
also discernible in figure 6a (located closer to the
narrower inlet channel - the left-hand side of the
figure), which has little contribution to the mixing

4



Phase A B

UA 0.123750 0.322470
UB 0.041748 0.093027
UC 0.023709 0.078984
UD 0.013008 0.026973

Figure 3: Numerical uncertainty for meshes A, B, C and D.

Strouhal number Reynolds number

25Hz 350Hz 500Hz 650Hz 800Hz 1000Hz 2000Hz

Mean Flow Rate

390 µL/min - 0.145 0.207 - 0.331 - - 43.3

650 µL/min - - - - 0.198 - - 72.2

910 µL/min - 0.062 0.089 0.115 0.142 - - 101.1

1170 µL/min - - - - 0.110 - - 130.0

2600 µL/min 0.001568 - - - - 0.062 0.124 289.0

Table 3: Strouhal and Reynolds numbers according to the frequency and the mean flow rate pumping
through the mixing channel.

process. In phase B, the fluid particles exchange
position, given that the velocity field associated to
the flow coming from the narrower inlet has enough
momentum to overcome the opposite incoming fluid
momentum, reaching the mixing channel opposite
wall. This forces the opposite incoming fluid to flow
around, towards the other side of the wall. As a
result, two pairs of vortices are formed, also sep-
arated by the fluids interface. However, since the
fluid interactions are more intense for phase B, with
the presence of some fluid entanglement and hence,
more intense advection, the mixing quality is better
in this phase.

Further increase of frequency (from 5 Hz and 25
Hz to 1000 Hz and 2000 Hz) for the same Reynolds
number (Re=289) completely modifies the evolu-
tion of the mixing index for an entire pulse, leading
to the overall improvement of the mixing quality.
This effect is caused by the decrease of the wave
period, which prevents each phase transition from
fully adapting to each pulse variation. This becomes
quite evident by looking at figure 7, that displays

the mixing index variation with time at the station
z=1 mm for the frequencies of 1000 Hz and 2000
Hz and Re=289. As it can be seen from that fig-
ure, the evolution of the mixing index for an entire
pulse presents now a peak, caused by the transition
from phase B to phase A, at t=1.3 ms for f=1000
Hz and t=1.4 ms for f=2000 Hz. Moreover, for suffi-
ciently high Strouhal numbers, e.g. St=0.124 when
f=2000 Hz, a secondary peak appears in the evolu-
tion of the mixing index, at t=1.65 ms, caused by
the transition from phase A to phase B.

In each transition, the pressure peak resulting
from the fluids interaction at the T-junction moves
between two points, defined as the pressure peaks
one would have independently for a stationary
regime in phases A and B. This pressure displace-
ment is caused by the different kinetic energies as-
sociated to each flow, constantly changing by the
imposed periodic boundary conditions at the inlets.
Also, these changes occur gradually because of the
typical velocity profile developed in internal laminar
flows, formed due to the shear stress at the walls,
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Figure 4: Mixing Index evolution with the Strouhal
number, calculated at z=1 mm for a Reynolds num-
ber of 289, in dark blue, for a Reynolds number of
101.1, in light blue, and for a Reynolds number of
43.3, in orange.

Figure 5: Mixing Index evolution with time for fre-
quencies of 5 Hz and 25 Hz.

which causes the fluid travelling through the centre
of the inlet channels to reach the T-junction faster
than the fluid travelling closer to the walls. .

This is illustrated in figure 8 that shows the con-
tours of the velocity magnitude, v, and isolines of
the y-component of the velocity, vy, calculated at
the horizontal plane y=70 µm, a little after the T-
junction, and the the flow structures generated at
z=300 µm, for Re=289 and f=2000 Hz.

In transition A-B, the flow pumped from the
narrower inlet acquires a large kinetic energy and
pushes the opposite flow back, also displacing the
pressure peak towards the wider inlet. This fluid
motion generates a large low pressure zone on the
narrowest inlet side of the mixing channel, right af-
ter the 90◦ corner, as the pressure peak drifts away,

(a) Front view of the flow structure generated at z = 1mm,
for phase A.

(b) Front view of the flow structure generated at z = 1mm,
for phase B.

Figure 6: Flow structures generated at a frequency
of 25Hz, captured using the LIC method, phase A
on the left and phase B on the right.

Figure 7: Mixing Index evolution with time for fre-
quencies of 1000 Hz and 2000 Hz, at z=1 mm.

thereby increasing the influence of the centrifugal
forces exerted on this side of the outlet flow. As the
low pressure zone develops, a pair of vortices begins
to form; however these are weak on their early stages
(figure 8a). On the other side of the wall, while the
pressure peak does not reach the wall, part of the
fluid still flows unobstructed through this side of
the mixing channel. Not only until the transition to
phase B is almost complete that the pressure peak
forces the fluid coming from the wider inlet around
the opposite flow, towards the low pressure zone on
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the narrower inlet side of the wall. The culmination
of these factors, however, does not favour the for-
mation of mixing-promoting flow structures, hence
not achieving the mixing index values obtained for
the transition B-A.

On the other hand, as soon as transition B-A be-
gins, the kinetic energy associated to the flow com-
ing from the wider inlet forces the pressure peak to-
wards the micromixer centre, immediately opening
a gap on the wider inlet side of the wall. The bound-
ary layer separates there and a low pressure zone
is generated, dragging part of the fluid through.
The low pressure zone on the opposite side of the
wall diminishes; however, the asymmetry of the in-
lets averts the flow from pushing the pressure peak
enough to prevent the boundary layer from sepa-
rating. The synergy of these factors results in the
formation of three pairs of vortices which highly pro-
mote the mixing quality (figure 8b).

(a) Transition from phase A to phase B.

(b) Transition from phase B to phase A.

Figure 8: Detail of the evolution of the contours of
the velocity, v, and isolines of the y component of
velocity, vy, calculated at the horizontal plane y=70
µm, and the flow strucutres generated at z=300 µm,
for Re=289 and f=2000 Hz. The red isolines repre-
sent ascending flow streams while the blue isolines
represent descending flow streams.

Furthermore, it is predicted that sufficiently high
Strouhal numbers, which for Re=289 are attained
for frequencies above 2000 Hz, prevent the forma-
tion of strong flow structures, capable of promoting
mixing by advection, leading to a stratified flow at
the mixing channel, in both phases (as is confirmed
further ahead). As a result, the mixing quality de-
creases.

4.2 Effect of Mean Flow Rate

The analysis of the mixing index based on the
variation of the mean flow rate, shown in figure 9, is
performed at a fixed frequency, f=800 Hz, and max-
imum to minimum flow rate ratio, Qmax/Qmin =
2.25, varying both Reynolds and Strouhal numbers.

Figure 9: Mixing Index evolution with the mean
flow rate, calculated at z=1 mm, for a fixed fre-

quency of 800 Hz and
Qmax
Qmin

= 2.25.

The highest mixing index obtained, point C, cor-
responds to the case for a Reynolds number of
101.1 and a Strouhal number of 0.142, closely fol-
lowed by the mixing index obtained for a Reynolds
number of 130 and a Strouhal number of 0.110,
point D. Despite having a more favourable Strouhal
number, the mixing index obtained for a Reynolds
number of 72.2, point B, is minor when compared
to the similar cases at higher Reynolds numbers.
This strongly suggests that the pulsed flow fre-
quency has a more effective effect on the mixing
process for high Reynolds numbers flows, for which
stronger and long-lasting flow structures - vortices -
are formed. The comparison between the two cases
above-referred with the highest mean flow rates also
evidences the influence of the Reynolds number on
the mixing index. In spite of the case for St=0.142
being more favourable to benefit mixing quality
rather than the case corresponding to St=0.110, the
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overall mixing index obtained for both cases is very
close. This reinforces, once again, the relevance of
having higher velocity fields associated to the flow
that are likely to generate stronger and long-lasting
vortices.

The increase of the mean flow rate at a fixed
frequency and ratio of maximum to minimum flow
rate, on one hand, increases the Reynolds number
but, on the other, decreases the Strouhal number.
In terms of kinetic energy rate transported by the
flow, higher Reynolds numbers contain higher ki-
netic energy. Part of this kinetic energy is con-
verted into pressure energy by isentropic fluids de-
celeration upon their interaction at the T-junction
(frontal collision), which means that flows with
higher Reynolds numbers lead to higher pressure
peaks.

Due to the low kinetic energy of the incoming
flows for Re=43.3, the fluids interaction at the T-
junction does not generate a pressure peak strong
enough to generate mixing-promoting flow struc-
tures. Instead, both fluids flow side by side in both
phases in the outlet channel. However, the gener-
ated pressure peak at the T-junction is sufficient to
ensure a favourable pressure gradient for the out-
let flow that, in phase A, prevents the generation of
a recirculation zone close to the narrower inlet 90◦

corner. The lack of flow structures capable of pro-
moting fluid mixing in either phase originates low
mixing qualities.

In opposition, for Re=130, the kinetic energy as-
sociated to the incoming flows generates pressure
peaks in both phases. Centrifugal forces applied to
the fluids yield adverse pressure gradients close to
the mixing channel wall, after the T-junction, gen-
erating vortices and recirculation zones prone to en-
hance the mixing quality by advection. However, as
mentioned before, the low Strouhal numbers asso-
ciated to this case do not get the most out of fre-
quency, as it can further improve the mixing quality.

4.3 Effect of Amplitude

The influence of the variation of pulsed flow am-
plitude (175, 275 and 375 µL/min) on the mixing
quality was assessed for a fixed frequency of 800 Hz
and mean flow rate of 910 µL/min the mixing chan-
nel. The results under these conditions are shown
in figure 10. As it can be seen, the larger the am-
plitude is, the higher is the overall mixing index.

In any case, the major impact of applying pulses
with larger amplitudes in the studied asymmetric
T-shaped micromixers is the partial penetration of
the fluid incoming from the narrowest inlet, with
larger momentum, into the widest inlet, with small-
est momentum, in phase B. This new flow feature is
responsible for the vortex generation at the widest
inlet entrance, close to the 90◦ corner, promoting
the mixing quality, as illustrated in figure 11. From
a practical point of view, the fluid pumped through

Figure 10: Mixing Index evolution with amplitude,
calculated at z=1 mm, for a mean flow rate at the
mixing channel of 910 µL/min, Re=101.1, and a
fixed frequency of 800 Hz, St=0.142.

the widest inlet experiences an early mixing process
that occurs at its inlet microchannel, prior to its en-
trance into the T-junction and the mixing channel.

Figure 11: Detail of the horizontal mid-section of
the contours and streamlines of the evolution of the
fluids mass fractions for a mean flow rate at the
mixing channel of 910 µL/min, Re=101.1, and a
frequency of 800 Hz, St=0.142, with Qmax

Qmin
= 10.375.

Higher amplitudes of the pulsed flow are asso-
ciated to higher kinetic energy of the incoming
flows, and vice-versa. During phase A, the pres-
sure peak resulting from the fluids interaction at
the T-junction occurs close to the 90◦ corner on the
narrowest inlet side, as it can be seen in figure 12a.
The flow incoming through the wider inlet is pushed
against this side of the wall, preventing the forma-
tion of a recirculation zone there due to the shifting
of the high pressure peak to that region. On the
opposite side (wider entry region), a low pressure
zone in the mixing channel wall, immediately after
the flow circumvents the corner, establishes an ad-
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verse pressure gradient of the outlet flow there and,
therefore, generates a recirculation zone.

In turn, during phase B, the pressure peaks occur
at the widest inlet channel, as a result of the shifting
of the fluids interaction at the T-junction towards
that inlet, due to the higher disproportion between
the kinetic energy values of the incoming flows –
see figure 12b. Immediately before the transition
to phase A, two pressure peaks can be observed in-
side the widest inlet channel: the strongest one (pri-
mary pressure peak) that results from the impact of
the flow against the inlet wall; and the weakest one
(secondary pressure peak) that results from the in-
teraction between the incoming flows in the widest
inlet and the inertial forces applied to them, which
locally creates an adverse pressure gradient. These
two pressure peaks promote the appearance of a vor-
tex in the wider inlet, close to the corner, observable
in figure 11.

(a) Top view of the velocity-pressure evolution, in phase A.

(b) Top view of the velocity-pressure evolution, in phase B.

Figure 12: Detail of the evolution of the contours of
the velocity, v, and isolines of the pressure, p, cal-
culated at the horizontal mid-section, for a mean
flow rate at the mixing channel of 910 µL/min,
Re=101.1, and a frequency of 800 Hz, St=0.142.

4.4 Integrated Kinetic Energy

The integrated kinetic energy, IKE, consists of a
method of calculating the kinetic energy associated
to a system over time. Using a dimensionless form of
this parameter, coupled with the Strouhal number,
a wider panorama of the mixing quality spectrum
can be achieved. In this case, the IKE is given by
equation 13.

IKE =

∫∫
ρ
v2

2
(~v.~n)dS

∣∣∣
i1

+

∫∫
ρ
v2

2
(~v.~n)dS

∣∣∣
i2

(13)
Equation 13 can be rewritten into equation 15

and manipulated into a dimensionless form, ex-
pressed by equation 17.

IKE =
1

2
ρ
(
v3i1Ai1 + v3i2Ai2

)
= (14)

1

2
ρ
(
Ai1
(
v3phaseA+v3phaseB

)∣∣∣
i1

+Ai2
(
v3phaseA+v3phaseB

)∣∣∣
i2

)
(15)

IKE

IKEmax
= (16)

Ai1
(
v3phaseA + v3phaseB

)∣∣
i1

+Ai2
(
v3phaseA + v3phaseB

)∣∣
i2

Ai1
(
v3phaseA + v3phaseB

)∣∣
i1

+Ai2
(
v3phaseA + v3phaseB

)∣∣
i2

∣∣∣
max

(17)
Based on the dimensionless form of the integrated

kinetic energy, IKE
IKEmax

, defined in equation 17, and
the Strouhal number, the variation of the mixing
index for the data calculated was drawn in figure
13.

Figure 13: Variation of the mixing index with the
log(IKE/IKEmax) and with the Strouhal number,
calculated at z=1 mm, on a T-shaped micromixer
with asymmetrical inlets, Wi1

Wi2
= 1.8785.

Points A, B and C refer to the disturbance ampli-
tude analysis, calculated for a fixed mean flow rate
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at the mixing channel, 910 µL/min, from which
points B and C are calculated for a different maxi-

mum to minimum flow rate ratio,
Qmax
Qmin

= 4.06 and

Qmax
Qmin

= 10.375, respectively. The remaining points

are all obtained for a fixed maximum to minimum

flow rate ratio,
Qmax
Qmin

= 2.25.

Point D corresponds to a mean flow rate at the
mixing channel of 1170 µL/min, Re=130, for a fre-
quency of 800 Hz, St=0.110.

Despite the slight difference in the Strouhal num-
ber, the comparison between points C and D in
figure 13 indicates that investing energy increasing
the disturbance amplitude between the two pulsed
flows may be more beneficial for the mixing qual-
ity than investing energy increasing the Reynolds
number with lower disturbance amplitudes.

5 Conclusions

The results obtained have highlighted the rele-
vance of the Strouhal number on this study. For
frequencies leading to sufficiently low Strouhal num-
bers, the fluid particles residence time is not high
enough for them to experience a pulse inside the
mixing channel.At a fixed Reynolds number, the in-
crease of the frequency leading to Strouhal numbers
between 0.1 and 0.2 has been verified to improve
the mixing quality. This mixing enhancement is
caused by the continuous displacements of the pres-
sure peak, not only preventing the flow from stabi-
lizing, but also generating successive flow structures
prone to improve the mixing quality. For exceed-
ingly high Strouhal numbers, the mixing promot-
ing flow structures lack time to fully develop and
grow weak, leading to the deterioration of the mix-
ing quality. These conclusions are also in agreement
with the information gathered from the integrated
kinetic energy analysis.

The comparison between the two cases at the
same Strouhal number, but different Reynolds num-
ber, has indicated a higher mixing quality for the
higher Reynolds number, where the flows are more
energetic. The pressure energy released upon the
fluids collision is higher, thus originating a higher
pressure peak. The streamlines take more impact
from higher pressures and generate stronger flow
structures, further enhancing the mixing quality.

At last, the amplitude analysis has also revealed
higher mixing qualities for higher disturbance am-
plitudes. It has been observed that, for sufficiently
high amplitudes, the pressure peak moves towards
the wider inlet channel, fixing itself on the wall.
This phenomenon originates a vortex and a sec-
ondary pressure peak close by. The mixing quality
increases as part of the incoming fluid experiences a
pre-mixture before entering the mixing channel.
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