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Acoustically induced secondary flows are applied to enhance lateral mass transfer beyond the relatively
slow diffusion. This has the goal to reduce convective axial dispersion and the resulting band broaden-
ing which, in turn, limits the performance of column chromatography. Traditional approaches based on
Taylor-Aris model are limited to one-dimensional rectilinear (unidirectional) tube- or channel-flows. We
therefore apply the generalized dispersion theory (GDT) allowing for prediction of the dependence of po-
tentially improved performance on the characteristics of the induced secondary flow, channel geometry
and solute properties as well as providing qualitative physical insight into the role of lateral flows. Results
corroborate agreement with our experimental observations (residual standard deviation, Syes = 3.88) and
demonstrate the advantage of applying GDT relative to 3D time-dependent simulations.
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1. Introduction

The performance of a variety of continuous-flow systems such
as liquid chromatography and continuous-flow chemistry is limited
by axial dispersion resulting in broadening of sample bands. Ide-
ally, it is desirable that the sample bands are transported as fast as
possible to the detector downstream which favors relatively high
carrier fluid speed, in order to minimize the analysis time. Un-
der these conditions the primary contribution to axial dispersion is
embodied in the C-term of van Deemter’s relation, representing the
effect of non-uniform axial (Poiseuille) fluid velocity (in pressure-
driven flows) combined with the relatively slow diffusive solute
transfer across streamlines. This mechanism was initially presented
in the pioneering work of Taylor [1,2] and subsequently formally
substantiated by Aris [3] via application of a statistical moments
method.

A variety of methods to mitigate axial dispersion have been ap-
plied with only limited success. These include reduction of the
dimensions of channel cross-section or modification of its shape
[4, 5] as well as passive mixing via Dean flow [6] or turbulent
mixing. These however, are only effective at high axial velocities
where dispersion is way too large to be relevant. Furthermore, pas-
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sive mixing inevitably introduces undesirable axial-velocity com-
ponents which enhance dispersion. Contrary to these passive ap-
proaches, active mixing [7-9] is applicable in a wide range of axial
velocities while allowing for the generation of lateral flows accom-
panied by negligible axial-velocity components.

The goal of the present contribution is to investigate via both
theoretical analysis and experimental methods the effectiveness of
acoustically-induced lateral flows to the reduction of dispersion.

The above-mentioned Taylor [1,2] and Aris [3] analyses only
considered solute transport in Poiseuille flow through a circular-
cylindrical duct. Their results are therefore only applicable to one-
dimensional rectilinear flows and as such do not allow for the
analysis of the effect of the acoustically-induced lateral flow on
solute dispersion. Effects of lateral flow have so far only been ad-
dressed theoretically [10,11]. In recent experimental work of our
group we have actively induced a purely lateral flow leading to
more uniform residence time and reduced dispersion. In [8] an
oscillatory electric field perpendicular to channel axis and its top
and bottom walls generates a time-averaged alternating current
electroosmotic (ACEQO) vertical lateral flow. In [9] such flow is
acoustically excited in a channel (etched in silicon) connected to
a piezoceramic element. Both methods enable the induction of
nearly purely-lateral flow. These experiments demonstrated a re-
duction of the above-mentioned van Deemter’s C-term by factors
of 2 and 3, respectively. For the theoretical aspects, we here ap-
ply the generalized-dispersion-theory (GDT) paradigm introduced


https://doi.org/10.1016/j.chroma.2022.462970
http://www.ScienceDirect.com
http://www.elsevier.com/locate/chroma
http://crossmark.crossref.org/dialog/?doi=10.1016/j.chroma.2022.462970&domain=pdf
mailto:wim.de.malsche@vub.be
https://doi.org/10.1016/j.chroma.2022.462970

E.Y. Westerbeek, P. Gelin, I. Frankel et al.

by Brenner [12,13]. This long-time asymptotic scheme (outlined in
the following) provides in the present context the effective trans-
port coefficients, i.e. the axial velocity and dispersion coefficient in
the presence of a generic lateral flow. We here apply GDT to exam-
ine the effects of the acoustically-induced lateral flow on disper-
sion. Results are compared to those obtained from full-scale simu-
lations and band-broadening experimental data [9]. GDT also pro-
vides a valuable physical insight into the dispersion process. Since
a reduction in dispersion gives a reduction in the plate height this
also gives a prediction of the potentially-improved performance in
open-tubular chromatography.

The rest of this contribution is organized as follows: We next
describe the problem statement and then outline GDT. Subse-
quently, section 3 describes the simulations. We next discuss the
results of the present model, in particular the effects of the lateral
flow on the B-field essential to the rationalization of the reduction
of axial dispersion. Results are then compared to those obtained
via time-dependent 3D simulations and with experimental data re-
spectively. Following the demonstrated agreement of the present
analytic scheme with both simulations and experimental observa-
tions, GDT is applied to study the effects of channel cross-section
dimensions and solute diffusivity on the potential reduction of dis-
persion via increased lateral flow. The paper ends with a conclu-
sion and outlook.

2. Theory

2.1. Problem Statement within the framework of generalized
dispersion theory

In the absence of irreversible chemical reactions, c(x,y,z,t),
the solute concentration distribution, satisfies the conservation
convection-diffusion equation

oc ac ac ac )
E—U(X,J’)ﬁJrU(X’}/)@ +U(X7Y)B*Z—Dmv c, (1)

where (x,y) € Sg, is the channel cross-section domain and —oo <
Z < oo is the Cartesian coordinate along the straight open (mod-
elled as infinitely-long-) channel, u(x,y) = iu+ jv is the lateral
fluid velocity and kU (x, y) is the axial Poiseuille velocity, the con-
stant Dy, is the uniform isotropic molecular diffusivity of the solute
and i, j and k are the unit vectors in x,y and z direction, respec-
tively. The above conservation equation is supplemented with the
boundary conditions

n-J=n-(@c-DyV,c)=0, (2)

with n, the local unit vector normal to the boundary, J the solute
cross-sectional flux and V, = lax +ig; " the ‘lateral’ part of the gra-
dient operation, thus representing 1mpermeab111ty of the channel
walls to solute flux, the far-field condition

c(x,y,z,t) =0, as |z]| > o0 (3)

and the condition specifying c(x,y,z 0), the initial solute-
concentration distribution. In applications, the interest is primarily
focused on the evolution of the cross-sectional averaged concen-
tration

C(z,t) = L// c(x,y,z t) dxdy (4)
|SO| x.y) € So

rather than on the detailed information embodied in c(x,y, z, t).
This has been addressed for the specific problem of dispersion in
Poiseuille flow within a circular cylindrical tube in the celebrated
pioneering work of Taylor [1,2] and Aris [3]| who established that,
at times long relative to the cross-sectional diffusive relaxation
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time ~ |Sg|/Dm, C(z, t) satisfies the balance equation
ot 9J
L
Jat 0z
with the convection-diffusion constitutive relation for the solute
mass flux

=0, (5a)

- - -0C
J=Uc-D FPR
where, similarly to Aris [3], the constant effective phenomenologi-
cal coefficients are obtained from the long-time limits of the rate-
of-change of the first-order and central second-order moments

# (5b)

1 .. dM;
U Motlﬁno‘lc dt (6&)
and

1
D= mgﬂ;d (M3 — M1 M) (6b)
of the first-order and central second-order moments
M, = / /z”c(x,y, z,t)dz dxdy forn=0,1,... (6¢)

So —o©

In absence of chemical reactions, My represents the conserved to-
tal amount of solute. The transport coefficients thus obtained rep-
resent the velocity along the channel of the solute center of mass
and the rate of dispersion of the solute cloud. The actual evaluation
of these is carried out within the framework of GDT as outlined
in the next subsection. In van Deemter’s theory, the linear mobile
phase velocity is equal to U and the plate height is proportional to
D.

2.2. Generalized dispersion theory

The development by Brenner [12,13] of GDT has been moti-
vated by the recognition that certain fundamental elements of
Taylor-Aris theory retain their validity and usefulness for a wide
class of macrotransport problems well beyond the scope of their
above-mentioned problem. Thus, GDT generalizes Aris’ [3] mo-
ment scheme where their long-time asymptotic behavior provides
the relevant macroscale description of the transport process. The
generic problem is stated within an abstract multidimensional
phase space consisting of the union of q € qq, a ‘local’, usually
bounded, and a ‘global’ unbounded Q € Q» subspaces while as-
suming all phenomenological coefficients to be exclusively depen-
dent on the local coordinate q. In the present problem the ‘local’
subspace qq corresponds to the duct cross-sectional bounded do-
main (x,y) € Spand the ‘global’ domain is Q,, =z € (—o0, 00), sim-
ilarly to the classic Taylor-Aris problem.

The resulting GDT macro-transport paradigm [12,13] has al-
lowed for the rigorous analysis of a broad class of material (e.g.
dispersion of chemically-reactive and non-reactive solutes in con-
tinuous and discontinuous porous media, surface- and interfacial-
transport, transport in physical space of solute particles possessing
‘internal’ orientation- or conformation degrees-of-freedom) as well
non- material (dispersion of momentum and energy) problems. In
the context of the present problem, application of GDT is essen-
tial to the study of the effect of the acoustically-induced lateral
flow in view of the Taylor-Aris theory being strictly limited to one-
dimensional unidirectional flows as noted above. Applied to the
present problem GDT establishes that (at sufficiently long times)
C(z,t), Eq. (4), is governed by eqs. (5a,b) and (6) with the macro-
scale transport coefficients constant and independent of the initial
state distribution, Eq. (3). The macroscale velocity is obtained via
the integration over the duct cross-section

— 1
U= f Co(.y)U(x.y) dxdy (7a)

(%,¥)€S0
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where the stationary field ¢y is in the long-time limit
Co(x,y) = tlim o; c(x,y,z t)dz. (7b)

Normalizing solute concentration by the (conserved) total
amount of solute, ¢y thus defined represents the fraction of solute
along the straight line parallel to the z-axis and passing through
(x,y). It is governed by the ‘local’-subspace boundary-value prob-
lem

V.- (ucy —DpVicp) =0, (8a)
together with the boundary-

fl- (uc-DyVyc)=0 (8b)
and normalization-

/codxdy =1 (8¢)
So

conditions. In the absence of external force fields, solute is pas-
sively convected in the ambient incompressible flow field satisfy-
ing V, -u=0 and #i-u =0, i.e. impermeability of the duct wall
to the fluid, ¢y is uniform across Sy, the duct cross-section. Thus
co = 1/|Sg| where |Sg| denotes the cross-sectional area. The effec-
tive solute velocity U is thus equal to the cross-sectional average
of the carrier fluid axial velocity. The effective macroscale disper-
sivity is D = Dy, 4+ D¢ thus including the contributions of molecular
diffusion

D = /coDmdxdy =Dn (9a)
So

in view of the uniformity of ¢y, and the Taylor-dispersion coeffi-

cient

1 _
= — [B.y)[U(x.y) - U]dxdy, # (9b)
|SO| So

respectively, where the B(x,y) field is defined by the long-time
limit

De

B(x,y) = lim l/zc(x,y, z,t)dz—Ut §. (10)
t—oo | Co
So

Similarly to the above cj, the asymptotic analysis establishes that
B(x,y) thus defined is indeed stationary and independent of the
initial solute distribution c(x,y, z, 0). The first term on the RHS of
Eq. (10) represents the time variation of center-of-mass of the frac-
tion of solute along the straight line parallel to the z-axis pass-
ing through the point (x,y) within the duct cross-section Sy. The
kinematic significance of Eq. (10) is that B(x,y) represents in the
long-time limit the constant axial distance between solute centroid
along each of these axial lines and the center of mass of the entire
solute cloud, respectively. The B-field is effectively obtained from
the boundary-value problem

V. (uxy)B-DnV.B)=U(x,y)-U (11a)
within Sy together with the condition
n-(uB—-DypV,B)=0 (11b)

on the boundaries of the duct cross-section. These determine B to
within an arbitrary additive constant B which, in turn, as can be
verified readily from the definition of U (Eq. 7a), has no effect on
D¢ (Eq. 9b). We thus render B(x,y) unique by imposing the addi-
tional normalization condition

f B(x,y)dxdy =0
So

In summary, for U(x,y), u(x,y) and Dy, given, the fields cy(x,y)
and B(x, y) are obtainable from eqgs. (8a-c) and (11a-c), respectively.

(11¢)
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a)

Fig. 1. a) Geometry of the time-dependent simulation including dimensions of the
channel with a display of the lateral and axial flow field positioned in the channel.
b) cross-sectional schematic overview of the experimental set-up.

The effective macroscale transport coefficient U and D appearing in
the constitutive equation of the axial solute flux (Eq. 5b) are then
evaluated from Eq. (7a), (9a) and (9b).

3. Method

Computations were performed on a HP workstation running
Windows 10 Enterprise (64-bits) equipped with 32 GB RAM and
a hexacore Intel processor (17-4930K), using COMSOL Multiphysics
(version 5.3). First, dispersion was determined based on three-
dimensional time-dependent simulations wherein a solute plug
was injected and followed through time. Depending on the ap-
plied velocities, these simulations took up to 12 hours. The results
thus obtained were compared with dispersion coefficients obtained
with the generalized dispersion theory.

3.1. Time dependent model

The band broadening simulations were performed in an open
rectangular channel with dimensions of 37.5 pm x 15.0 ym x 5.0
mm (Fig. 1). This geometry was meshed using 2 625 152 cells,
with an average mesh quality of 0.67. A Poiseuille flow was ap-
plied in the axial direction and acoustic streaming in the lateral
direction. The velocity field of the acoustic streaming was deter-
mined using the limiting velocity method (LVM) described by Lei
et al. [14]. As this method only solves the outer boundary stream-
ing with the assumption of an incompressible flow and neglectable
inertial terms and thermoviscous effects, the computation time is
minimized. Using the module ‘Transport of Diluted Species’ a so-
lute plug (Dp=5.4 x 10710 m?/s) was injected at t=0. The inte-
gral over the cross sections/“(x,y,z, t)dA at two axial positions (4
mm and 5 mm downstream) was determined and used to eval-
uate the axial dispersion coefficient and the reduced plate height
h= AAZZZ } with o, the standard deviation of the solute distribu-
tion in the axial direction and [ the characteristic length, being the
height of the channel.
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3.2. GDT implementation

For the implementation of GDT, COMSOL was used to determine
the different solutions.

3.3.1. Axial flow

Since most chromatographic systems are pressure driven, we
use an axial pressure-driven flow in this work. The Hagen-
Poiseuille equation was used to determine the flow in axial direc-
tion through the cross-section of the channel
0%v  9%u G
a2 + Aoy = T (lZa)
ay ax %
where G = %, W the viscosity of the fluid and the boundary con-
ditions are

u(x,0) =u(x,h)=0 (12b)

u0,y) =u(w,y)=0 (12c)

While there exists a semi-analytic solution [15] we found it more
convenient for our present purpose to use the numerical solution.
The cross sectional geometry was meshed using 31 768 cells with
an average mesh quality of 0.94.

3.3.2. Lateral flow

Boundary-driven acoustic streaming is a flow phenomenon in-
duced at the channel walls and allows for the generation of long-
range (1073 m) lateral flows with a negligible axial component.
Furthermore, acoustic streaming has been well studied from both
a theoretical and experimental point of view [16-19]. To induce
acoustic streaming, a microchannel is usually placed on a piezoce-
ramic element which operates at the resonance frequency of the
fluid-filled microfluidic channel. To achieve resonance the chan-
nel width (w) should be a multiple of half the wavelength A
(w = n*A/2). For submillimeter channels filled with water, the res-
onance frequency is within the low MHz range. Similar to the 3D
simulations, the LVM method was used to determine the lateral
velocity field.

4. Results & discussion

In the employed acoustic streaming system, the axial flow is a
conventional Poiseuille flow (see Fig. 2a). In Fig. 2 b, the lateral,
acoustically induced, flow profile as obtained by CFD is depicted,
showing the occurrence of 4 main vortices characteristic for half
wavelength actuation (w = A/2).

The magnitude of the vortices depends on the channel dimen-
sions and amplitude of wall displacement. Using Eqs. 11a-11c, the
B-field (Fig. 2c) is uniquely determined. As stated in section 2, the
B-field can be given a kinematic interpretation as the distance be-
tween the axial center of mass of the entire solute slug and the ax-
ial center of mass of the slug at a specific coordinate in the cross-
section.

By Eq. (9b), when seeking to minimize dispersion for a given
pressure-driven (Poiseuille) channel flow and solute-carrier-fluid
pair, it is desirable to modify the distribution of B(x,y) through
the introduction of a secondary (lateral) flow u(x,y) (cf. 11a) Fig. 3.
presents the evolution of the B(x,y) field with increasing lateral
Péclet number, Pej, = |u|qsh/Dm,where |u|q, denotes the average
lateral fluid speed over the channel cross-section and h is the
channel depth.

By the double mirror-image symmetry of both u(x,y) and
B(x,y) (Fig. 2b and 2c, respectively), in Fig. 3 we only present
the lower-right quarter of the channel cross-section. The various
subfigures present the level lines of B(x,y) together with corre-
sponding distributions of the relative magnitudes, of B(x, y), across
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a) MIN MAX

Fig. 2. The relevant fields appearing in the model: a) axial velocity field, b) lat-
eral velocity field and c) B-field The color code indicates the relative magnitudes of
axial- (a) and lateral- (b) fluid speeds and (c) B-field distribution.

the domain. It is important to note that, as mentioned above, the
colour code is not uniform, but rather specific to each part of the
figure. The caption of the figure details the range of values in each
part. With increasing Pej,, we note that the level line pattern is
becoming similar to the corresponding streamline pattern of the
secondary flow (cf Fig. 2.b and 2c). Indeed, by the dimensionless
version of Eq (11a), with increasing Pe;,, >>1 for a fixed value of
Cax = Uh/Dm, the equation reduces to:

u-VB=0 (11a")

The above implies that the value of B is constant along each
streamline of the lateral flow. It is, however important to note
that owing to the singularity of the limit Pe >> 1, the effect of
the weak diffusion is non-negligible. It typically occurs in trans-
port problems, characterized by the occurrence of closed stream-
lines or particle trajectories, that [20-22] the (weak) diffusion af-
fects the relatively slow transport across streamlines or particle
trajectories. This determines the long-time limit (relevant to Taylor
dispersion) distribution of B between the level lines (with remains
indeterminate otherwise). As can be observed in Fig. 3, the lateral
acoustically-driven flow, acts to diminish the range of the B-values,
i.e. uniformize B(x,y) which, in turn corresponds to diminishing B
which is in agreement with the kinematic significance of B(x,y).
From equation 9b follows that when diminishing B(x, y), the dis-
persion also diminishes.

4.1. Comparison with time-dependent numerical model

We compared a full-scale 3D-time dependent numerical sim-
ulation with our GDT-model and both have been compared to a
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Fig. 3. level lines of the B-field distribution in the bottom-right quarter of the duct cross section for Pey, = 783 and Pej,: a) 3, b) 30, c) 300 and d) 3000. The level lines
show constant values of the B-field, the color shows the B-field distribution, with as maximum and minimum value, a) 6200 pum, -6572 um b) 1179 um, -1429 pum c)

205.8 um, -406.1 um d) 193.4 um, -175.4 pum.
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Fig. 4. Effect of acoustic streaming on the reduced plate height as a function of
reduced axial velocity for a channel with a cross-section of dimensions 37.5 x 15
pm. 3D Time dependent simulations (circles) as well as simulations applying the
Generalized Dispersion Theory (squares) were performed, with the average lateral
speeds, Pej, being O(red), 15 (blue) and 30 (yellow). The theoretical curve (dotted
line), is obtained from Poppe’s work [22].

semi-analytical model proposed by Poppe [23] (the latter in ab-
sence of secondary flow). As can be observed from Fig. 4, in which
the plate height is plotted against the axial velocity, both models
are in good agreement with the semi-analytical model. A resid-
ual standard deviation (Sres) has been calculated for both mod-
els which gave 0.0564 and 0.0467, respectively. The agreement be-
tween the different models can be observed from Fig. 4, in which
the plate height is plotted against the axial velocity.

The results of the time-dependent simulation model and the
generalized dispersion theory are in good agreement with each
other at all lateral and axial velocities simulated (Sres = 0.0622).
The former, however, took several hours to run, while the latter
approximation is obtained within a minute. Although the general-
ized dispersion theory is in principle only valid in the long time-
limit, good agreement between the results of both models is al-
ready achieved for relatively short channels (typically within axial
distances comparable to 10 times the channel depth downstream
from where the solute plug is introduced). This suggests that GDT
can be used to determine the dispersion for most experimentally
relevant channel lengths. Another benefit of applying the general-
ized dispersion theory to dispersion problems is the physical in-

sight into the problem in terms of the B-field distribution and its
variation resulting from lateral convection.

4.2. Comparison with experimental results.

To assess the validity and usefulness of the application of the
GDT in an experimental setting, a comparison with, earlier pub-
lished [9], experimental data has been performed as well. The dis-
persion experiments were performed in silicon chips with a chan-
nel of dimensions 375 um x 33 um (w x h). The chip was con-
nected to a piezo-ceramic element (15 x 20 x 1 mm, APC Inter-
national Lt., USA) and actuated at a frequency of 1.95Mhz (Fig 1b.).
The actuator was driven by a frequency generator (AFG Tektronix
UK Ltd., UK) and the voltage was amplified by a RF power ampli-
fier (210L, Electronics & Innovation, USA). The medium inside the
channel was DI water and the injected plug was DI water contain-
ing the fluorescent dye, Fluorescein isothiocyanate (FITC). The re-
duced plate height was determined by injecting a plug of FITC into
a microchannel in the presence of acoustically induced lateral flow
and subsequent measurement of its width at the point of injection
and 5mm downstream. The measured lateral velocity was used as
a fitting parameter for the simulation of the acoustofluidic model.
The lateral velocity field thus simulated has, in turn, been used as
an input for the generalized dispersion model.

Fig. 5 presents the effect of induced secondary flow on the vari-
ation of reduced plate height with Pesx representing the reduced
axial velocity. Squares and circles represent experimental values
and theoretical (GDT) predictions, respectively. The red symbols
represent the variation in the absence of lateral flow, blue sym-
bols correspond to Pe;,; = 47. In both cases there is a good agree-
ment between corresponding experimental observation and theo-
retical (GDT) predictions. Both show a reduction of plate height
by a factor of 2 as a result of the induced lateral flow. To reduce
the plate height, most efforts in the last decades have been de-
voted to reducing the characteristic length of the system. In packed
bed columns this is done by reducing the particle size and in
open-tubular columns this is done by reducing the dimensions of
the cross-section of the channel. Furthermore, the A-term in the
van Deemter equation has been reduced by using open-tubular
columns or by using ordered pillar arrays [24,25]. Reducing the C-
term by inducing lateral convection, is a totally new approach in
the field of chromatography and Fig. 5 shows that a substantial re-
duction can be made using this. A next step would be to make an
open-tubular column with porous walls in which convection can
be induced.
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Fig. 5. Comparison of simulations performed with GDT and experimental data ob-
tained for channels with a rectangular cross section of 375 x 33 pum. The theoret-
ical curve (dotted line) is obtained from the semi-analytic expression for the plate
height without lateral flow, from poppe [22]. Squares display experimental values,
circles display values obtained with GDT. Red denotes results obtained in the ab-
sence of lateral flow and blue denotes results obtained with an average lateral Pé-
clet number of 5.5.

4.3. Variation of dispersion coefficient for different dimensions and
diffusivity coefficient of the solute

In silicon chip chromatography as well as in acoustofluidic ap-
plications, microchannels are often rectangular with aspect ratios
being unequal to one. The variation of dispersion in microchan-
nels of varying aspect ratios is well documented in the absence
of lateral flow [4,23]. Furthermore the dispersion in microchan-
nels of various shapes, packed with porous particles has been
studied theoretically [26] as well as experimentally [27]. Here, we
turn to consider the effect of increasing lateral acoustofluidic flow
on the dispersion coefficient in rectangular microchannels with
varying cross-sectional aspect ratio AR and solute molecular dif-
fusivity. To this end, Fig. 6 presents the variation with Pe, /Pes
of D¢/ D for rectangular microchannels of uniform width (375
um) and several combinations of depth to width aspect ratio AR,

10065 ' ' I
e
L o
': ! o
107k o “e -
\Q ‘| % °
R )
(@) § LR °
@ \‘\\o
) ) \“‘t
10°F .°o e -
“o. o _ —“._—_-—.“
- ____ °
0 1 e ’ )
l:)elat/Per’slX

Fig. 6. Effects of aspect ratio (AR) and diffusion coefficient (Dy,) on the relative
Taylor-Ais dispersion coefficient as a function of velocity ratios of the average lateral
and average axial speed. For channel width=375 pm and depths depending on the
aspect ratio and average axial Péclet number of 78. Indicated by red, AR=2,5 and
Dy =1%107"0, blue, AR=11 and D;, = 1% 10 and yellow, AR=11 and D, = 5.4 %
1010,

Journal of Chromatography A 1670 (2022) 462970

Pelat/Peax

Fig. 7. Effects of solute diffusion coefficient and downscaling of channel cross-
section dimensions on the variation of the relative Taylor-Aris dispersion coeffi-
cient with the ratio of average lateral- and axial- speed. The axial velocity is fixed
well into the C-term regime. Red circles, 375 x 150 pum, Dy = 1% 10710, Yellow
circles, 37.5 x 15 pm, D;; = 1% 10710, Blue circles, 3.75 x 1.5 pym, Dy = 11071,
Red squares, 375 x 150 pm, Dy, = 1% 10~'2. Yellow squares, 37.5 x 15.0 pm, Dy, =
1% 10712, Blue squares, 3.75 x 1.50 pm, Dy = 1% 10712,

and solute diffusion coefficients Dy, (AR, D) = (2.5, 10-10 my/s2,
red), (11, 10-1° mys2, blue) and (11, 5.4x10~10 m/s2, yellow).

We see that increasing either AR or Dy, results in a less signif-
icant relative reduction of the dispersion coefficient. These trends
reflect the fact that the secondary flow is only affecting D, the
convective ‘Taylor’ part of D, while, with increasing either AR or
D, the relative contribution of D, is decreasing. This reduction
in D, results in a lower contribution from the C-term of the van
Deemter equation and therefore in lower plate heights.

To further reduce the dispersion coefficient for given AR and
diffusion coefficient, one could in principle seek the most optimal
lateral flow pattern. In practice however, the lower bounds will
most often not be reached and therefore focusing on inducing a
high lateral velocity will be a more effective strategy in reducing
dispersion.

To evaluate the potential gain of the vortex chromatography
method for the best possible conditions for performing analytical
separations, it is interesting to examine how downscaling of the
channel size affects the dispersion coefficient. In Fig. 7, a chan-
nel of 375 ym x 150 pm is successively scaled down, first by a
factor of 10 and then by a factor of 100 at a fixed axial velocity
in the C-term regime and for Dy, = 10-19 m2/s and Dy, = 1012
m?/s, respectively corresponding to relatively small and large ana-
lyte molecules. Similar to Fig. 6, in all cases presented the relative
dispersion coefficient decreases monotonically decreasing with in-
creasing Pej,/Peqx. As observed in Fig. 3, with enhanced secondary
flow the B field approaches uniformity throughout the channel
cross section, which results in diminishing D¢, the ‘convective’ Tay-
lor term accompanied by the dispersion coefficient approaching
the lower limit, i.e. the solute molecular diffusivity D — D,,. What
can be appreciated from Figs. 6 and 7 is that the major portion
of the potential reduction of D is already achieved at relatively
small ratio of lateral- to axial- fluid velocities. This is particularly
visible for the combination of larger cross-sectional dimensions
and smaller solute diffusivity, i.e. those cases where the convec-
tive effect represented by D¢, the Taylor term, is significant. From
Fig. 7 it is clear that for all cases, at a relative streaming veloc-
ity Pejy/Peax = 0.5, a reduction of dispersion by a factor of 10 or
larger is generally attained. At values of Pe;, /Peqx = 2, even a gain
of close to 2 orders of magnitude is predicted.
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5. Conclusion & outlook

In this work we describe the application of the generalized dis-
persion theory to demonstrate the effective reduction of Taylor dis-
persion and show that it is in good agreement with the exper-
imental results for dispersion in microchannels. We showed fur-
thermore that using GDT is far less computational power demand-
ing than a 3D time-dependent simulation.

We discussed the usability of lateral mixing with acoustic
streaming for microchannels with different sizes and aspect ra-
tios. However, currently available acoustic actuators put a lower
limit to the channel size. Currently available PZT frequencies are
in the range of 20 MHz, limiting one of the channel dimensions
to 37.5 pm. Current research, however, aims at integrating films of
PZT material into the microfluidic channels, allowing for actuation
frequencies higher than 100 MHz [28,29]. At a frequency of 100
MHz, channel sizes of 7.5 pm can be used with water as a mobile
phase. For the electroosmotic approach however, the smallest di-
mension in which vortices can be produced is sub-micron, which
might therefore be an approach that can be more readily put in
practice. We also showed that the average lateral flow speed needs
to be sufficiently high to induce sufficient gain. Experimental work
is underway aiming at lateral flows in the hundreds of pm/s in
such micron-scale channels.

The present study has not considered the potential effects of
solute retention/ adsorption. Because of an increasing C-term con-
tribution to dispersion at increasing retention, it is expected that
lateral flows will result in a significant dispersion reduction under
retained conditions. This aspect will be at the focus of a follow-
up study. Future work can also study how different types of lat-
eral flows can be used to reduce Taylor-Aris dispersion. Thus, while
the present model has only considered steady lateral flows, fu-
ture work will examine the potential effects of time-periodic lat-
eral flows.
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