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Abstract: The performed research presents modeling results for designing microfluidic vortex diodes.
These devices rectify fluid flow and can be used in many applications on micro and macro scales.
The modeling, utilizing computational fluid dynamics (CFD) with the turbulence model RANS k-¢ in
COMSOL Multiphysics, has led to optimizing diodicity—the reversed-to-forward flow pressure drop
ratio. The goal was to find the best flow-rectifying geometry within the 2D vortex-type design by
changing the wall geometry, diode shape, and inflow velocities, identifying significant parameters
and dependencies. Improving diodicity can be achieved by increasing the radius r; of the central
channel, increasing the entire diode radius rp, decreasing the width w of the rectangular channel,
and reducing its length L. Additionally, changing the circular shape of the diode to an elliptical
one can improve diodicity. The significance of this research is evident in the potential applications
of these devices in microfluidic setups where fixed-geometry unidirectional flow is required, e.g.,
mixing, filtration, cell separation, and drug delivery, or on industrial scales, e.g., energy harvesting,
wastewater treatment, and water sterilization.

Keywords: fixed-geometry fluidic diode; fluidic check valve; unidirectional fluid flow; turbulent
flow; RANS; computational fluid dynamics; COMSOL

1. Introduction

Fluidic diodes rectify the flow of fluid, e.g., gas or liquid. This unidirectional flow
can be further utilized in the following stages [1,2]. Microfluidic chips can be used in
bio/medical applications [3,4], e.g., cell separation [5], obtaining particles for drug de-
livery [5-9], mixing [10-13], and micro-pumping [14,15], or in industrial scales, e.g., tur-
bines [16], or heat pumping [17,18], heat removal [19], wastewater treatment [20-24], bacte-
ria removal [25], and chemical reactions under hydrodynamic cavitation conditions [26-30],
or in larger-scale applications, e.g., a passive safety system in a molten salt reactor [31],
energy harvesting [32-35], or ventilation purposes [36]. Fluidic diodes can be separated into
two groups: passive and active. The first has no movable parts; the flow-rectifying effect
is only achieved due to geometry. In active design, the movable part blocks the reverse
flow and opens during the forward flow. Usually, active diodes, due to the changeable
geometry, can outperform the passive valves up to the moment the movable part is even
slightly blocked or corroded and cannot close the flow [37].

This article focuses on a particular type of passive diode in the shape of a disc (vortex-
type fluidic diode) [38-40]. Although vortex diodes are 3D devices, their general character-
istics can be modeled using a simplified 2D design, avoiding high computational costs. In
the case of thin 3D channels, which can be found in microfluidic applications, a 2D model
only approximates real-life devices [40].

This article presents no previously shown geometrical modifications to increase diod-
icity in microfluidic vortex diodes. All this is performed for small fluid velocities and
volumes, translating to small Reynolds numbers (Re). Modeling large Re numbers and
larger fluid volumes has been performed elsewhere [38,39]. The RANS k-¢ model applied
here was previously used to model the influence of the angle of the axial port of 3D vortex
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diodes [41-44], cavitation [45,46], water hammer effects in vortex diodes [47], and while
modeling flows in microfluidic chips [48,49]. Diodicity improvement in this article was
achieved only by utilizing geometrical changes without influencing the physical properties
of the walls, channels, and fluid. It was shown that improvement is possible by increasing
the size of the central channel and the entire diode, reducing the width of the rectangular
side channel and its length, or changing the shape from circular to elliptical for specific
cases. The goal was to find a straightforward design that outperforms plain circular diodes
and is readily applicable to photolithography.

2. Model and Parameters

Computational fluid dynamics (CFD) modeling using the Fluid Flow Module with
the Turbulent flow k-e model with the COMSOL ver. 5.6.0.401 program was used to model
the properties of microfluidic vortex diodes [41]. The program utilizes Reynolds-averaged
Navier-Stokes (RANS) equations, a simplified set of equations used to describe the average
behavior of fluid flows [50-52] (Table 1). The turbulent kinetic energy k and the turbulent
dissipation rate € are introduced to describe the turbulence behavior. The turbulent viscosity
is modeled as follows:

k2
pur = pCy . 1)
Table 1. List of symbols used in the article.
Pins Pout Pressure at flow entry and exit
D Diodicity
Re, Le, p Reynolds number, characteristic length, fluid dynamic viscosity
1 The radius of the circular, central channel
I(r) Circumference of the circular channel
U, Vip, Vout Flow velocity vector, inflow velocity, outflow velocity
L, w Length and width of rectangular channel
10 Diode radius
« The general rotation angle of specific detail

The base length of the triangle, tooth element

h The height of the triangle, tooth element

Difference in pressures—applied and at the end of the diode in

APreo./ AP foro, the reversed /forward flow direction

UT Turbulent viscosity
C,o, P Model constants, production term
0 Fluid density
ke Turbulent kinetic energy, turbulent dissipation rate

The transport equations for k and ¢ are as follows:

T 2 2 2
P = ur (Vu: (Vu—l— (Vu) ) - g(V-u) > — zpPkV-u ©)
%—F Ve = V- -|-ﬂ Ve | +C tp—C é (4)
Pop TPIVE = K ¢ ‘ AT

with constants C;, = 0.09,Cyq = 144, Co = 192, 0, = 1.0,and 0 = 1.3, where
u is the velocity vector, o = 998 kg/m?, and dynamic viscosity 4 = 1.0016 mPa-s of
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water at 20 °C (Table 1). The vortex diode (Figure 1) consists of a large circle of radius
rp = 100 um (default), and a side rectangular arm of length L = 100 um (default), and width
w (act as input/output). The central channel part is a circle of radius ry= 5 pm (default),
and length I = 27trq (acts as output/input). To maximize diodicity (D), which is defined
as the ratio of the pressure difference at the source (p;;,), and drain channel (p,,¢) in the
reverse flow direction

APrey. = Pin — Pout (5)
to the same difference in the forward flow direction
D — APy, _ (pin B pOut)rev. (6)
Apforv. (pin - pout)forv.
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Figure 1. (a) Plain 2D model of the diode. The diode radius r; is 100 pum, the circular channel radius
r1 is 5 um, the rectangular channel width w is 1 um, and the length L is 100 um; (b) magnification of
the connection of rectangular channel with the diode; (c) the same magnification showing ignored
edges; (d) diodicity D vs. the number of mesh elements. Mesh with 60,745 elements was used with
D =1231.

The pressures p;, /o,;. were taken as the integrated fourth order polynomial span
overall mesh nodes from both channels represented by the width w and the length | = 27tr.
Many parameters, e.g., w, 1,72, L, v, and geometrical changes, are tested to find their
importance for improving diodicity.

The maximal Reynolds number (Re) for applied velocities does not exceed 100. It
is lower in the forward direction, ca. 6.5, and ca. 73 in the reversed direction for plain
geometry (default shape Figure 1). Re is a dimensionless indicator of turbulence in fluid
dynamics, measuring the ratio between inertial and viscous forces. It is defined as follows:

Re = ‘"’ZLC, @)

where p is the fluid density, v;, is the flow speed, L. is the characteristic length, and u
is the fluid dynamic viscosity. The basic version of the model is shown in Figure 1a. It
comprises three elements: a large circle is the diode body, a small circle acts as a channel
(subtracted from the diode body), and a rectangular channel is on top. Figure 1b,c show
the connection of the rectangular channel with the diode. Marked blue lines refer to edges
that the program ignored during computations. The extremely fine mesh calibrated for the
fluid dynamics of triangular-shaped elements was used. The average mesh quality is 0.8831
(a value of 1 is perfect), the number of elements is 60745, and the minimum/maximum
element sizes are 0.004/1.34 pm.
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3. Results and Discussion

The vortex diode exhibits the advantages of passive diodes—no movable parts—and,
compared to passive check-valve diodes, shows much higher D. Figure 2 presents the
velocity maps and streamlines for the forward and reversed flow directions. The white
velocity arrows inside and black at the rectangular channel entrance marked as vj;,, Vous
indicate the flow direction in both cases. The forward direction is characterized by a much
lower pressure drop AP, and Re number than the reversed one.

> Length, L

Forward

Y

Reversed

200 pm

Figure 2. Two-dimensional models of vortex diodes; maps of velocity magnitude with streamlines
(w—width of the rectangular channel (default vale 1 um), L—length of rectangular channel (default
value 100 um), r;—radius of the central channel (default value 5 um), r,—radius of the diode
(default value 100 um): (a) forward flow direction—inflow from side channel outflow in the center;
(b) reversed flow direction—inflow from center circle outflow by the side channel.

It is assumed that the most significant influence on diodicity should arrive from both
channel geometries and the size of the entire diode. This study starts with an investigation
of this hypothesis. The defined parameters are the rectangular channel width w (source in
the forward direction, Figure 2a) and the circumference of the circular channel I(r1) = 27rq
(drain in forward direction, Figure 2a) addressed in this article through radius r1 (Figure 2b).
The pressure difference also depends on the velocity v;,, an additional parameter to be
optimized. The diode consists of a large circle of radius r, = 100 pm and a side arm of
length L = 100 pm with channel width w = 1 um (Figure 2a). In the middle of the diode
is a circular channel I(ry) (Figure 2a) of the radius 1 = 5 um (default value). The roles of
the source and drain are reversible (Figure 2a,b).

Essential dependence on diodicity D = f(r1, w,v;,) was found due to a parametric
sweep through 3D space. The highest value is depicted in red (Figure 3a). The diodicity
increases with channel width w decreasing, circular channel radius 1, and velocity v;,
increasing (Figure 3a). However, due to the manufacturing process, some limitations justify
using a narrower parameter range—the lower limit of w is ca. 100 nm. The maximum
size of r; is slightly lower than the diameter of the external wall, which, by default, is
200 um. The parameters analyzed here are achievable experimentally in microfluidic
devices. Figure 3b shows the dependence D = f(v;,), with channel width w ranging
from 0.1 to 4 pum for fixed circular channel radius r; = 20 pm. The plot shows a flat
maximum, which is better recognizable for smaller w values. The smallest w value equal
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to 100 nm gives D, which reaches ca. 1.04 x 10% at 6 m/s. The inset shows a similar
dependence of diodicity concerning velocity for multiple r; parameters in the range of
10-95 um for channel width w = 1 um. The inclusive maximum of plots appears for the
velocity range 10-20 m/s, which shifts to higher velocities for larger r; values (Figure 3b,
inset). The following plot is obtained from these data—maximal diodicity vs. channel
width w (Figure 3c)—and the inset shows the velocity at maximum diodicity vs. channel
width w. This dependence can be described by a power function of the type y = aw?,
wherea = 133 x 10% b = —1.895, R? = 0.9997 (fit made for r; =20 um, v = 10m/s).

Figure 3d shows diodicity vs. the radius of the circular channel ;. This dependence can
be described using the same function y = ar’{, wherea = 444, b = 1.97, RZ = 0.9993
(fit made for w =1 um, v;;, = 10m/s). If r; exceeds 97 um, the curve gets much steeper
and cannot be described with the above equation (case not shown here). The results show
that diodicity is at least a three-parameter function—dependent on two channel widths
and velocity.
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Figure 3. (a) Parametric sweep through 3D space, diodicity D f(r1, w,vi,). The color overlay
shows diodicity D (red—highest, and blue—lowest value); (b) D vs. velocity for fixed radius
r1 = 20 pm for multiple channel widths w. The inset shows D vs. velocity for fixed channel width
w =1 um and multiple radiuses ry; (¢) Max. D vs. channel width w for r{ = 20 um, inset shows
maximal velocity v taken from function’s maximum in Figure 3b vs. its channel width w; (d) D vs.
channel radius r; for fixed channel width w = 1 um and multiple velocities v;,,. Inset shows images of
the diodes with radius r; =5 um, r; = 30 pum, r; = 95 pm.

Figure 3a,b show the dependence on channel length L and radius r;, respectively.
The decrease in channel length L increases diodicity. For a diode of diameter 200 um,
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the minimal length of L is ca. 15 um. Below this value, the rectangular channel con-
nects with the main diode body, and the width w is no longer defined. For purely
practical reasons, if a square is prepared on a microfluidic chip for a diode of radius
100 pm, then the longest justified length L cannot be larger than this in order to not ex-
ceed the square size, which is set as default. The dependence in Figure 4a can be well
described by the empirical equation of the formy = % + B, where A = 29 x 104,
B = 93 x 10%, R> = 0.9939. The second parameter, r, is, affecting the technolog-
ical process even more by increasing the total diode size—area (in 3D volume)—with
an increase in 1, (Figure 4b). All other parameters were kept constant, and the depen-
dence can be fit with a polynomial of third order y = A + Bry + Cr3 + Dr3, where
A =12 x10°B = 1.63,C = —6.1 x 1073, D = 7.8 x 10°®R* = 0.9957.
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Figure 4. (a) Diodicity D vs. length L of the rectangular channel and (b) D vs. r; radius for L = 100 um;
(c) D vs. area of the diode for increased eccentricity (ellipse shape), where inset is the magnification of
the main plot and additionally on top are the main ellipse shapes (v;;, = 10 m/s); (d) D vs. horizontal
radius a for central and focal placement of circular channel (left and right), for fixed vertical radius
b =100 um, and fixed and varying L (v;;, = 10m/s).

Figure 3c shows the influence of increasing eccentricity (horizontal direction is radius
a, while vertical radius b is a family parameter) on diodicity. To compare it with the circular
case, the diodes are plotted as a function of the diode area. If the diode’s shape and size were
changed, the rectangular channel sticking out would differ each time. The internal wall
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(Figure 3d, top inset) kept the rectangular channel length—L—equal to 100 pm, varying
proportions between the inside and outside parts.

Elliptical shapes exhibit diodicity maxima, which are more diffuse for larger b values.
Only the circular shape shows a monotonically decreasing diodicity similar to the curve in
Figure 4a. The maximal improvement of D is 7.2% (blue curve a = 500, b = 50) compared
to 4.6% (dark yellow curve a = 60, b = 200) for the circular diode shape (normalization
factor-area). Figure 4d compares placing the circular channel in the center or the focal
points for the ellipse (radius a2 = 100-600 pm and b = 100 um); and for L = 100 um (constant)
and floating (without internal wall, marked by stars), for which the rectangular channel
length shortens. Diodicity is slightly more significant for the circular channel in the left
focal point (clockwise water rotation in forward direction, Figure 2a). In the case of the
floating channel length (without an internal wall), diodicity increases linearly with radius a
by ca. 32%. This effect is connected with a decrease in channel length L, similar to the case
in Figure 4a where the outside part of the rectangular channel is decreased and does not
change diode shape.

3.1. Wall Modifications

This chapter is focused on further wall-shape modifications to improve diodicity. The
most straightforward wall modification is to change wall roughness or hydrophilicity. This
could be performed experimentally by covering the diode from the inside with polymers
or silanes. Nevertheless, this study focuses on geometrical changes that fundamentally im-
prove diodicity. The basic structure is characterized by the following parameters: ; =5 um,
w=1um,v;; = 10m/s, rp =100 um, and L = 100 pm with a default diodicity value of
1231. The first wall modification is adding a triangle-type obstacle (Figure 5a). Initially,
it is a single triangle defined by three parameters a4, h, and « = 0 (Figure 5a). The base of
the triangle is a = 20 pm, and height h after an initial parametric sweep (Figure 5b, black
curve) is set to 20 um, which is for the maximum of D. The second stage is the placement
of a single triangle obstacle at different angle «. The clockwise rotation goes from 0 to
negative 340°.

The top placement of the triangle obstacle (x = 0, Figure 5b) provides the highest
diodicity due to the most significant influence on the flow from the rectangular channel.
Results for other angles are inferior. The next stage is to add symmetrically N identical
triangles (Figure 5c). The first triangle always starts at o« = 0. The observed outcome is the
decrease in diodicity (Figure 5d). Further trials were continued with an asymmetrical tooth,
which, from the left side, had a shape based on a quarter of an ellipsis and from another
straight vertical line. The base width is a = 10 pm. Similarly, as before, the highest D is
observed for tooth height / = 20 um (Figure 6, black squares). No changes in diodicity were
observed during the rotation of a single tooth (Figure 6, inset). Open squares in Figure 6
show a case for N = 13 teeth symmetrically placed on the wall. Diodicity for this case is
also lower than previously. The wall modifications proposed here do not seem to improve
D. The slight changes in D by ca. 1.3% compared to a plain diode (D = 1231) do not justify
additional manufacturing difficulties. The lack of obstacles on the wall seems to be the
most straightforward and well-working design from all tested until now.
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Figure 5. (a) Vortex diode with single triangle-shaped wall modification: height / = 20 um, a = 20 um,
a—rotation angle, w =1, r; =5 pum; (b) D vs. h and « for single triangle rotation; (c) model with multiple
triangles separated by the same angle; (d) D vs. N—number of repetitions N in range of 0 to 13.
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Figure 6. Diodicity D vs. height (h) of the elliptically shaped tooth (base width 4 = 10 um) for single
tooth N =1 (black squares) and N = 13 (open circles). Images of two models are shown for N = 1 and
N =13 teeth. The inset plot shows diodicity vs. rotation angle « for a single tooth (N = 1).
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3.2. Internal Structure Modification

Different types of modifications are structures placed inside the diode. Multiple types
of internal wall design and channel geometries are presented in Figure 7a. The results
for specific models are presented in Figure 7c. Figure 7a, cases a—c present various types
of rectangular channel elongation inside the diode. In these cases, diodicity decreases
(Figure 7c); case d shows the rectangular channel angle change from 0 to 90° from a
tangential to perpendicular position. In this case, diodicity is highest for tangential channel
orientation, consistent with the basic design of a vortex diode. Cases e and f show the
application of an airfoil profile. Its shape is based on a symmetrical four-digit NACA
airfoil (0050) equation y = —5¢ (0.2969+/x — 0.1260x — 0.3516x> + 0.2843x> — 0.1015x*)
fort = 50. The rotation of a single blade (Figure 7c) and after introducing more profiles,
N = 13, (Figure 7b) shows small fluctuations in D but, generally, changes are minor, ca.
1.3%, and angle-dependent. In general, diodicity is more or less constant at ca. 1231, with a
maximum for N = 13 equal to 1260.
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Figure 7. (a) Vortex diode design cases: (al)—internal channel (width 2 pm) symmetrically reduced
with the increase in «; (b1l)—internal channel (width 2 um) reduced with the increase in « in
one direction, (c1)—internal channel (width 1 um, continuation of external rectangular channel);
(d1)—external channel change from 0 (tangential) to 90° (perpendicular direction); (e1)—single airfoil
profile—internal wall; (f1)—13 airfoil profiles; (b) D vs. N—number of airfoil profiles (black squares)
and D vs. 13 with profile angle « (open red circles); (c) angular diodicity dependence for all cases
from Figure 7a; (d) airfoil profile drawn in the range 15-95 um used as blades in cases (e1,f1).
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Similarly, as in the outer wall modifications proposed, the internal wall obstacles did
not improve diodicity significantly. The best improvement is by ca. 1.3%, which introduces
an angular dependence that, if not considered, can decrease diodicity even below the plain
diode performance. Introducing new geometry is always connected with locking some
of the parameters while following the dependencies of selected ones, leaving some space
for further improvements. Most ideas presented here generally maintained or decreased
diodicity, except for elliptical elongation, which significantly improved by 7.2%. All this
suggests that the circular/elliptical plain design is close to its optimal performance.

4. Conclusions

The passive vortex diode exhibits a better diodicity performance than a check-valve
diode. Diodicity is a function of several geometrical parameters, i.e., 71,12, w, L, and
velocity v, (D = f(rq,72, w,L,v;,)). The best improvement in diodicity in plain vortex
diodes was achieved by an increase in radius ; of the central channel, an increase in the
entire diode radius ry, a decrease in width w of the rectangular channel, and a reduction in
its length L or changing the circular shape of the diode to elliptical if the area is taken as the
normalization factor for comparison with circular diodes. Other tested wall modifications
on the outside or inside diode led to roughly maintaining diodicity as in the plain design
or decreasing it.

The statements mentioned above are presented below in detail. The decrease in
channel width w from 1 pm (default) to 0.1 pm increased D (1231 by default) by ca.
853 times (Figure 3b) for a specific velocity v;, ~ 6 m/s. Reduced rectangular channel
length L from an initial 100 to 15 pm improves D 2.3 times (Figure 4a). The increase in rq
from 5 to 95 um improves D by ca. 285 times (Figure 3d). The result increases with v;,. It is
highest for 20 m/s, the highest tested velocity. However, the difference in D between cases
vi; = 10 and 20 m/s, which seems less significant than changes for smaller velocities.
Saturation behavior is visible. The increase in diode size r;, from 100 to 300 pm improved D
only slightly, by ca. 2.9% (Figure 4b). Changes in the circular shape of the diode to elliptical
improved D by ca. 1.3 times (Figure 4c). Changing the diode size diodicity depends on
the definition of channel length L: it can merge with the diode body or exist as an internal
wall of the diode (Figure 4d, inset). Diodicity is higher by ca. 32% in the case without an
internal wall, similar to the case of the shortening of L.

Adding a wall results in slight changes in diodicity, which starts to be dependent on
the height of the obstacle and the angle, e.g., triangles (Figure 5)—maximum D for height
h =20 um, an increase by ca. 1.3%, and angle dependence vary this value by ca. 1.6%. The
symmetrical placement of more obstacles, e.g., triangles, decreases diodicity by ca. 1.2%
(Figure 5¢,d) and elliptically shaped teeth by 3.3% (Figure 6).

Placing additional internal walls in the shape of airfoil profiles (Figure 7) led to a
decrease in diodicity by 2.2% and an additional angle dependence (Figure 7b). Other
proposed internal wall modifications presented in Figure 7a led to an even 49% drop in
diodicity. The horizontal placement of the rectangular channel on top of the diode (x = 0°)
is the optimum placement of this channel. Placing it vertically to the diode (x = 90°)
decreases D by ca. 37%.
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