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Electrokinetic instability (EKI) emerges when fluids with differing electrical conduc-
tivities interact with an applied electric field, resulting in interfacial waves that can either
disrupt or enhance microfluidic processes. Previous studies on EKI have primarily focused
on Newtonian fluids, though many practical applications involve the mixing of different
rheological fluids. This work investigates the effects of Newtonian and shear thinning
rheology mixing on EKI using a T-shaped microchannel. We find that adding xanthan
gum (XG) polymer to the high-conductivity buffer results in lower threshold electric fields
and higher wave speeds/amplitudes than the configuration with XG in the low-conductivity
buffer. In contrast, the threshold electric fields for the configuration with XG in both buffers
are in between the two rheology mixing configurations. These findings suggest the gradient
of rheology interacts with that of conductivity and may itself be able to induce instability
in electrokinetic flows. We also perform a scaling analysis to account for the fluid shear
thinning effect on the electric Rayleigh number in terms of a power-law model. The critical
values of this dimensionless number for the onset of EKI exhibit similar variations to the
threshold electric field across fluid configurations and XG concentrations.

DOI: 10.1103/v4rm-zsg2

I. INTRODUCTION

Electric-field-driven flow, known as electrokinetic flow, has become a cornerstone in microfluidic
applications because of its unique advantages [1,2]. Unlike pressure-driven flow, electrokinetic flow
exhibits a pluglike velocity profile that minimizes shear-induced dispersion and enables precise
sample handling in lab-on-a-chip systems [3–5]. This mechanism facilitates efficient fluid pumping
and sample handling in microchannels without the need for mechanical components, making it ideal
for applications such as biochemical analysis, point-of-care diagnostics, and particle manipulation
[6–8]. However, electrokinetic flows are highly sensitive to surface and fluid properties [9–11].
Nonuniformities, such as differences in electrical conductivity and permittivity, can induce charge
accumulation, resulting in localized flow disturbances if the applied electric field is above a thresh-
old value [12,13]. These disturbances manifest as periodic or irregular interfacial waves known as
electrokinetic instability (EKI) [14]. Depending on the application, EKI can either disrupt precision
processes or be leveraged to enhance micromixing. In scenarios like electric field amplified sam-
ple stacking [15], electro-osmotic velocity measurement [16] and sheath focusing-based particle
separation [17], EKI must be minimized to ensure the stability of interfaces [18]. Conversely, the
very same instability can be utilized to significantly boost the efficiency of microfluidic mixers or
reaction platforms, especially when conventional mixing is limited by low Reynolds numbers and
the absence of moving parts [19–21].
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There have been a good number of studies on EKI in Newtonian flows with varying channel
configurations and fluid properties [22–27]. In particular, the Santiago group has developed the
theoretical framework for EKI in Newtonian fluids in their earlier studies [28–30]. They showed
that the onset of instability is governed by an electric Rayleigh number, defined as the ratio of
electroviscous velocity (an internal velocity scale driven by charge accumulation at the diffusive
conductivity interface) to diffusive velocity. Over the years, several formulations of the electric
Rayleigh number have been proposed for studies of electrohydrodynamic instabilities [31–35]. The
primary differences among these formulations stem from the approach to scaling the electroviscous
velocity. This velocity scale depends on how the charge density and viscous stresses are scaled.
Some of the earliest approaches, like those by Hoburg and Melcher [31], scaled the charge density
by assuming that the internally induced electric field matches the order of the applied field. On the
other hand, Baygents and Baldessari [32] proposed a model where the charge density is proportional
to a linear gradient in electrical conductivity. Lin et al. [33] found that in channels with shallow
depths, the depth dimension governs viscous stresses that enhance the flow stability. Storey et al.
[34] and Oddy and Santiago [35] incorporated this stabilizing effect by using the channel depth as
the length scale for viscous stresses. Unlike Baygents and Baldessari’s approach [32], these studies
omitted the charge density’s dependence on the strength of conductivity gradients. Chen et al. [28]
introduced a more comprehensive framework by incorporating a nonlinear charge density scale that
accounts for perturbations of electric fields within the diffusion length. They proposed the following
expression of the electric Rayleigh number, Rae, for EKI,

Rae = Uevh

D
= �

h

δ

εE2d2

μD
, (1)

where Uev is the electroviscous velocity noted above, h is the half-width of the microchannel, D is the
diffusivity of ions, � = (γ−1)2/(γ + 1)2 accounts for conductivity gradients with γ representing
the electrical conductivity ratio between the high- and low-conductivity fluids, δ is the diffusion
length of ions, ε is the fluid permittivity, E is the magnitude of the externally applied electric field,
d is the half depth of the microchannel, and μ is the fluid viscosity.

However, many real-world fluids, for example, biological samples (e.g., blood, mucus, and
urine) in biomedical applications and polymer-laden solutions in chemical processing exhibit shear
thinning and viscoelastic behaviors [36–42]. Such non-Newtonian fluids have also gained significant
interest in electrochemical systems and electromembrane technologies [43–47]. Recent works
by the Archer group [43–45] demonstrated that adding viscoelastic polymer additives to liquid
electrolytes can promote an earlier transition to unsteady electroconvective flow and enhance the
spatial and temporal uniformity of ion flux at the interface. Their findings offer a promising strategy
to suppress dendrite growth in batteries, thereby improving overall cell performance. In a related
numerical study on electroconvection in shear thinning electrolytes, Maurya et al. [47] found that
shear thinning polymers produce smaller yet more intense vortices near ion-selective membranes
than the Newtonian electrolytes, leading to enhanced ion transport. By promoting more uniform ion
distributions and mitigating ion-depletion zones, their results also suggest an approach to improve
the stability of electrochemical devices. These studies highlight the crucial role of fluid rheology in
electroconvection and the design improvement of electrochemical systems. As the electroconvective
flow is predominantly governed by the electrohydrodynamic and electrokinetic effects, it is relevant
to investigate the influence of fluid rheological properties on EKI.

To date, only a small number of papers have been published in this direction. Our group reported
an experimental study of EKI in viscoelastic fluids by dissolving equal weights of polyethylene
oxide (PEO) polymer into the coflowing buffers with different ionic concentrations (and hence
with conductivity gradients) [48]. It was observed that adding a small amount of PEO polymer
reduces the threshold electric field required for instability onset while further increasing the polymer
concentration reverses the trend. In a later work, Sasmal [49] developed an Oldroyd-B fluid–based
numerical model to study the influence of viscoelasticity on EKI. A suppressed chaotic convection
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was predicted with the increase of the Weissenberg number (the ratio of elastic to viscous forces) or
polymer-to-solvent viscosity ratio. Hamid and Sasmal [50] also developed a power-law fluid–based
numerical model, which predicted the threshold electric field to decrease with decreasing power-law
index, i.e., increasing shear thinning effect. This prediction was later verified by an experimental
study from our group on EKI in shear thinning fluids, which were prepared by adding xanthan gum
(XG) polymer to both buffers [51]. In a more recent work, our group revisited EKI in viscoelastic
fluids using negatively charged hyaluronic acid (HA) polymer to form Boger solutions [52], which
removed the requirement of pressure pumping in our previous study with neutral PEO solutions
[48]. We observed monotonically increasing threshold electric fields in higher concentration HA
solutions, supporting the earlier numerical prediction by Sasmal [49].

In our paper on EKI in shear thinning XG solutions [51], we also extended the expression of
electric Rayleigh number, Rae, from Chen et al. [28] to account for the effects of shear-dependent
viscosity. We proposed the following expression for the critical electric Rayleigh number ratio from
shear thinning to Newtonian fluids [51]:

Rae,cr

Rae,cr,0
=

(
�

�0

)√(
μ

μ0

)(
Ueo

Ueo,0

) (
Eth

Eth,0

)2

, (2)

where Rae,cr is the critical value of Rae in Eq. (1) for the onset of EKI at the threshold electric
field, Eth, the subscript 0 denotes parameters corresponding to the Newtonian solvent, and Ueo is
the electro-osmotic velocity. The obtained Rayleigh ratio in Eq. (2) was found to decrease in higher
concentration XG solutions, indicating the enhancement effect of fluid shear thinning on EKI. It was
also used to analyze our recent experimental results on EKI in viscoelastic HA solutions and was
found to increase with increasing HA concentration [52]. This trend suggests the suppression effect
of fluid elasticity on EKI, in contrast to that of shear thinning [51]. Both these rheological effects on
EKI are qualitatively consistent with the earlier numerical predictions from Sasmal and co-worker
[49,50]. However, the formulation in Eq. (2) incorporated only the effects of fluid viscosity on the
diffusivity and diffusion length of ions. It did not consider fluid-rheology-induced modifications in
viscous stresses and hence the electric Rayleigh number.

In this work, we revise the scaling analysis of Chen et al. [28] to incorporate the effect of
shear thinning on viscous stresses and develop an expression of electric Rayleigh number for EKI
in power-law fluids. Further, we investigate EKI in the Newtonian and shear thinning rheology
mixing setups using a T-shaped microchannel. By varying the placement of XG polymer relative
to the buffer concentration (that is, adding XG polymer to either the high- or low-concentration
buffer), we examine how the direction of rheology gradients interacts with that of conductivity
gradients to influence EKI behavior. This kind of rheological blend is common in applications such
as food mixing [53], drug delivery [54,55], or mixing biological and synthetic solutions [56,57].
The experimental and theoretical findings from the two types of rheology mixing configurations are
compared with those from a purely Newtonian configuration and as well our previous study, where
XG polymer was added to both buffer solutions, forming a homogeneous rheology configuration
[51]. Overall, this study provides a complete picture of how fluid configuration and shear thinning
rheology affect EKI in microchannel flows.

II. THEORETICAL FORMULATION

A. Electric Rayleigh number in power-law fluids

To model EKI in high-aspect-ratio experimental systems (d/h � 1), Chen et al. [28] developed
linearized thin-layer governing equations. They identified an electric Rayleigh number, i.e., Rae in
Eq. (1), that governs the onset of convective EKI in Newtonian fluids. In this section we extend
Chen et al.’s formulation of Rae to incorporate the shear thinning effects of power-law fluids. The
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following scaling is adopted in the analysis,

x, y ∼ h, z ∼ d, u0 ∼ Ueo, v0,w0 = 0, u′, v′ ∼ Uev, w′ = Uevd/h (3)

where x, y, and z are the coordinates along the length, width, and depth direction of the main branch,
respectively, u0, v0, and w0 are the corresponding electro-osmotic velocity components at the base
state, and the superscripts ‘′’ denote the perturbed state. Based on the arguments presented by Chen
et al. [28], we used the electroviscous velocity, Uev, as the perturbation velocity (u′, v′,w′) scale due
to EKI, and the electro-osmotic velocity, Ueo, to scale the base electro-osmotic flow.

The dynamic viscosity of power-law fluids is given by [58],

μ = K (γ̇ )n−1, (4)

where K is the flow consistency index and n is the flow behavior index or power-law index, and γ̇

is the shear rate defined as,

γ̇ =
√

2S : S, (5)

with S being the strain rate tensor. In thin-layer systems, the dominant strain rate components come
from the depth direction (i.e., z direction) and scale as follows:

Sxz = Szx = 1
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Similarly,
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Thus, the shear rate in Eq. (5) scales as

γ̇ ∼ O

(
Uev

d

)
. (8)

The dynamic viscosity in Eq. (4) scales as

μ ∼ O

(
K

(
Uev

d

)n−1
)

, (9)

which depends on the rheological parameters K and n. We can now obtain the order of rheology-
dependent viscous force, fv:

fv = ∇ · {μ[∇u + (∇u)T ]} ∼ O

(
1

d
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d
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)n )
. (10)

However, fluid rheology does not directly influence the distribution of ions. Thus, the order of
electric body force, fe, due to the net charge density in the diffusive interface can be scaled similarly
to Newtonian fluids. The detailed scaling of fe was presented by Chen et al. [28] and is omitted here:

fe ∼ O

(
�

εE2

δ

)
. (11)

The order of electroviscous velocity can now be obtained by equating the viscous and electric
forces, which gives

Uev ∼ O

[
d

(
�

d

δ

εE2

K

)1/n
]
. (12)
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Combining Eqs. (1) and (12) gives the electric Rayleigh number in power-law fluids,

Rae,p−l = hd

D

(
�

d

δ

εE2

K

)1/n

. (13)

Note that for Newtonian fluids with K = μ and n = 1, Eq. (13) reduces to the same expression
presented by Chen et al. [28], as shown in Eq. (1).

B. Approximation of local rheological parameters at the interface

To determine the electric Rayleigh number in power-law fluids, Rae,p−l , we also need to obtain
the effective diffusivity, D, and diffusion length, δ, of ions in Eq. (13). For the former, we can use
the relationship [51]

D = D0
μ0

μ
, (14)

where D0 is the ion diffusivity in the Newtonian solvent with viscosity, μ0. Estimating the local vis-
cosity, μ, at the interface is challenging for our experiments because of the rheology mixing between
Newtonian and shear thinning fluids. Therefore, it is important to have a good approximation of the
local rheological parameters inside the mixing layer. Here we use a viscosity blending approach to
estimate the power-law constants K and n at the interface by assuming a quasihomogeneous mixing
of fluid rheology. Briefly, when two fluids with viscosities μ1 and μ2 mix, the viscosity of the
resulting binary mixture can be approximated using the Arrhenius viscosity blending equation [59],

μ = μ1
m × μ2

1−m, (15)

where m is the mole fraction of the fluid with viscosity μ1. While more sophisticated models such
as the Grunberg-Nissan [60] or Lederer-Roegiers [61,62] equations might offer higher accuracy,
we choose the Arrhenius model due to its simplicity and convenience to use with the power-law
constitutive relation. Plugging the shear-dependent viscosity in Eq. (4) yields

μ ≈ K1
mγ̇ m(n1−1)K2

1−mγ̇ (1−m)(n2−1), (16)

where K1, n1 and K2, n2 denote the power-law parameters of the corresponding fluids being mixed. If
we assume equal contribution from both components at the interface, i.e., m = 0.5, the last equation
can be rewritten as

μ ≈ √
K1K2 (γ̇ )

n1+n2
2 −1 = K (γ̇ )n−1, (17)

where K = √
K1K2 and n = (n1 + n2)/2 are the local power-law constants of the rheology mixing

at the interface. The ionic diffusion length, δ, in Eq. (13) for Rae,p−l is approximated by [29]

δ ≈
√

D
Lx

Ueo
=

√
D0

μ0

μ

Lx

Ueo
, (18)

where Lx is the downstream location. Note that Ueo here is the electro-osmotic fluid velocity at
the interface and can be estimated as Ueo = (μeo,1 + μeo,2)E/2, with μeo being the experimentally
measured electro-osmotic mobility of each fluid.

Since it is well established that the influence of polymer additives is generally much weaker
in the bulk region than in the near-wall region (due to the velocity gradients) [43–45,63,64], one
may question the validity of using bulk rheological parameters in our analysis rather than using
the near-wall rheological parameters. In conventional electrokinetic flows with uniform electrolyte
concentration, the velocity profile is typically pluglike, and velocity gradients are largely confined
within the electric double layer, while the bulk flow remains nearly uniform and experiences
negligible shear [1–4]. However, this study involves spatially varying ion concentrations across the
channel, which generate substantial velocity gradients throughout the bulk electrolytes, especially
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5 mm

FIG. 1. Isometric view of the prepared T-shaped microchannel (filled with food dye for visualization) on
which the arrows indicate the electrokinetic flow directions.

within the mixing layer. Consequently, it is reasonable to perform the analysis using the rheological
properties at the mixing interface, where the EKI originates.

III. EXPERIMENT

A. Microchannel and fluids

We used a T-shaped microchannel fabricated through the standard soft-lithography technique
with polydimethylsiloxane (PDMS). The detailed fabrication process has been reported in our ear-
lier work [65]. As shown in Fig. 1, the prepared T-shaped microchannel features two side branches,
each 8 mm long and 100 µm wide, and a main branch that is 10 mm long and 200 µm wide. The
channel has a uniform depth of 50 µm. To minimize hydrostatic-pressure-driven backflow caused
by electro-osmotic fluid depletion from the inlets and accumulation in the outlet, all reservoirs were
made with a large 6-mm diameter. Before experiments, the microchannel was primed with deionized
(DI) water (Fisher Scientific) for 10 min to ensure its walls retain uniform and constant surface
properties.

We employed different fluid-pairing configurations to study how the direction of fluid rheology
gradients interacts with conductivity gradients to influence EKI dynamics. Table I summarizes all
the fluid configurations tested in our experiment. Specifically, the N/N (i.e., Newtonian/Newtonian)
configuration with homogeneous rheology served as the control experiment and was designed
as 0.2-mM and 2-mM Newtonian phosphate buffer (PB) solutions at inlets I and II of the mi-
crochannel (see Fig. 1), respectively. The 2-mM buffer was mixed with 50 µM rhodamine B dye
(Sigma-Aldrich) for visualizing the interface. This concentration of rhodamine B dye has been
reported to have negligible effects on the electro-osmotic flow of buffers for a pH range of 6–10.8
[66]. Two rheology mixing configurations, namely, N/ST (i.e., Newtonian/shear thinning) and ST/N
(i.e., shear thinning/Newtonian) in Table I, involved pairing a Newtonian fluid with a shear thinning

TABLE I. Fluid pairing configurations in the experiment. The rhodamine B dye concentration was fixed at
50 µM in all cases. The abbreviations N and ST denote Newtonian and shear thinning fluids, respectively.

Configuration Inlet I Inlet II Pairing type

N/N 0.2 mM PB 2 mM PB + dye Homogeneous rheology
N/ST 0.2 mM PB + dye 2 mM PB + XG Rheology mixing
ST/N 0.2 mM PB+ XG 2 mM PB + dye Rheology mixing
ST/ST 0.2 mM PB + XG 2 mM PB + XG + dye Homogeneous rheology
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FIG. 2. Experimentally measured fluid properties: (a) electrical conductivities of 0.2- and 2-mM PB-based
XG solutions and calculated conductivity ratios for the N/ST and ST/N fluid configurations (see Table I). The
lines are used to guide the eyes only; (b) dynamic viscosities of 0.2-mM (filled markers) and 2-mM (hollow
markers) PB-based XG solutions. The dotted lines represent the power-law fits to the experimental data points.

one. For the N/ST (ST/N) configuration, the shear thinning solution was prepared by adding 50–150
ppm XG polymer into 2-mM (0.2 mM) PB solution at inlet II (inlet I), while 0.2 mM (2 mM)
dyed PB solution was used as the Newtonian fluid at inlet I (inlet II). The ST/ST configuration
with homogeneous shear thinning rheology was tested in our previous study [51], where equal
concentrations of XG polymer were added into 0.2-mM and 2-mM PB solutions, and selected results
are used here for comparison.

Figure 2(a) shows the experimentally measured electrical conductivity, which increases slightly
with increasing XG concentration in both 0.2-mM and 2-mM PB-based solutions. The conduc-
tivity ratio between the high- and low-concentration buffer solutions for the N/ST case remains
almost identical, showing an insignificant increase from 8.80 to 8.89 when the XG concentration
in 2 mM PB increases from 0 (i.e., the N/N configuration) to 150 ppm. In contrast, this ratio
decreases from 8.80 at 0 ppm to 7.07 at 150 ppm by nearly 20% for the ST/N case when the
XG concentration in 0.2 mM PB increases. These modifications in the conductivity ratio arise
from the polymer-induced conductivity increase. We also tested a couple of dyed solutions, and the
results showed no significant differences in conductivity compared to undyed solutions. Figure 2(b)
shows the experimentally measured viscosities of 0.2- and 2-mM PB-based XG solutions, where
the dotted lines are the power-law fits to the experimental data points. The dynamic viscosity was
measured using a cone-plate rheometer (Anton Paar MCR 302) at room temperature. It shows
an increasing trend at higher XG concentrations, with 2-mM PB-based solutions having lower
viscosities compared to their 0.2-mM counterparts.

TABLE II. Power-law rheological parameters of PB-based XG solutions and inside the mixing layer for
different fluid configurations. Note that the unit for the flow consistency index, K , is mPa sn.

XG (ppm) 0.2 mM PB + XG 2 mM PB + XG N/ST ST/N ST/ST

K n K n K n K n K n

50 4.85 0.78 3.65 0.81 1.91 0.91 2.20 0.89 4.21 0.80
100 8.70 0.72 6.00 0.76 2.45 0.88 2.95 0.86 7.22 0.74
150 18.2 0.64 11.5 0.69 3.39 0.85 4.27 0.82 14.5 0.67
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Table II lists the flow consistency index, K , and power-law index, n, obtained from the power-law
fits. The latter quantity, n � 1, reflects the degree of shear thinning, with lower values indicating
stronger shear thinning behavior. One can thus notice that the shear thinning behavior becomes more
pronounced with increasing XG concentration and is comparatively stronger in 0.2-mM PB-based
solutions. Table II also lists the calculated power-law constants of the mixing layer for the three fluid
configurations (i.e., N/ST, ST/N, and ST/ST) via Eq. (17). The K and n values are each comparable
in between the N/ST and ST/N configurations, while K is the largest, i.e., most viscous, and n is
the smallest, i.e., most shear thinning, in the ST/ST configuration. It is important to note that our
prepared XG solutions are assumed to be purely shear thinning with a negligible elasticity effect
as previously reported [67,68]. This assumption enables the use of the power-law model in the
theoretical formulation above (Sec. II). The analysis of the influence of fluid elasticity and hence
normal stress differences on EKI will be considered in future work.

B. Visualization and measurements

After priming, the DI water was emptied from all reservoirs of the T-shaped microchannel.
Equal volumes of prepared fluids were added to the two inlet reservoirs according to the fluid
configuration being tested. The outlet reservoir was filled with the same volume of 0.2-mM pure
buffer to eliminate any pressure-driven flow. Platinum electrodes were then inserted into all three
reservoirs, with the two inlet electrodes being connected in parallel to a dc power source (Glassman
High Voltage) while the outlet electrode was grounded. This setup ensured equal dc electric fields
across the side branches, driving the electro-osmotic flow toward the outlet. The applied electric
field was limited to a maximum of 500 V/cm (corresponding to 900-V dc potential across the
1.8-cm overall channel length) to avoid gel formation [69] and Joule heating effects [25]. The
interface dynamics was recorded from a top-down view using a fluorescent microscope (Nikon
Eclipse TE2000U) with a Nikon DS-Qi1 monochrome CCD camera. Image acquisition was carried
out at around 12 frames per second with 70-ms exposure time.

The captured images were processed using Nikon’s imaging software (NIS Elements AR 2.30)
to quantify the properties of EKI waves. The wave speed was measured by tracking the valley
of individual waves over time. The wave amplitude was defined as half of the average distance
from valley to peak and normalized by half-width of the main branch. The wave frequency was
determined by counting the number of peaks in intensity plots over a time span of 20 s. The electro-
osmotic velocity, Ueo, was measured using a 2-cm-long, straight microchannel through the electric
current monitoring technique [70]. The microchannel for this measurement was primed similarly to
the T-shaped microchannel used in the EKI experiment. The electro-osmotic mobility, μeo = Ueo/E ,
was obtained from a linear fit to the experimental data of Ueo vs electric field. This linear electro-
osmosis has been demonstrated in our previous study for low-concentration XG solutions [51].
As seen from Fig. 3, μeo is larger in 0.2-mM PB-based XG solutions than in 2-mM PB, both of
which decrease with increasing XG concentration. These values were used to calculate Ueo inside
the mixing layer at the threshold electric field and in turn the critical electric Rayleigh number,
Rae,p−l,cr, for the onset of EKI in different fluid configurations.

IV. RESULTS AND DISCUSSION

A. Effects of rheology mixing on EKI

Figure 4 compares the experimental images of EKI waves in the two rheology mixing configura-
tions, i.e., N/ST and ST/N, and the N/N fluid configuration (see Table I). The XG concentration
was fixed at 50 ppm. Compared to the N/N case, EKI triggers at significantly lower threshold
electric fields, Eth, in the N/ST and ST/N configurations. This observation is consistent with our
previous study in the ST/ST configuration, which was attributed to the enhancement effect of fluid
shear thinning on EKI [51]. The measured Eth = 183 V/cm for the N/ST configuration is nearly
20% smaller than the threshold value of 222 V/cm for the ST/N configuration. This phenomenon
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FIG. 3. Experimentally measured electro-osmotic (EO) mobilities, Ueo/E , of 0.2-mM and 2-mM PB-based
XG solutions. The lines are used to guide the eyes only.

suggests that there are other factors contributing to EKI because the fluid in the mixing layer of
the N/ST configuration is in fact slightly less shear thinning than the ST/N configuration (see
Table II). A similar trend to Eth is also noticed for the downstream locations where EKI waves
first emerge (pointed to by the arrows on the images in Fig. 4). In the N/N case, the EKI waves
originate furthest downstream and progressively shift upstream with increasing electric fields. In
contrast, they originate much closer to the stagnation point in the two mixing configurations, with
the N/ST configuration initiating waves directly at the stagnation point. Moreover, as seen from
the images, the EKI waves in each configuration become visually stronger when the applied electric
field increases beyond the corresponding threshold. However, the wave amplitudes in the two mixing
configurations are noticeably smaller than in the N/N configuration under the same electric field.

th th th

FIG. 4. Comparison of the EKI images at the T-junction for the N/N (left), N/ST (middle), and ST/N (right)
fluid configurations at varying electric fields. The XG concentration in the N/ST and ST/N cases was fixed at
50 ppm. Eth refers to the threshold electric field for the onset of EKI waves. The arrows point to the downstream
locations where EKI waves first appear. The scale bar indicates 200 µm.
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FIG. 5. Comparison of experimentally measured amplitude (a, relative to the half-width of the main
branch), speed (b), and frequency of EKI waves in the N/N, N/ST, and ST/N fluid configurations at varying
electric fields. The dotted lines represent linear fits to the data points.

Figure 5 compares the measured speeds, amplitudes, and frequencies of EKI waves among the
three fluid configurations at various above-threshold electric fields. We see a linear increasing trend
of wave properties with electric fields in all configurations, similar to the ST/ST configuration in
our previous study [51]. At any given electric fields, the two rheology mixing configurations both
exhibit weaker wave responses than the N/N case. This observation is also consistent with our
previous findings in the ST/ST configuration, which may be attributed to the polymer-induced
viscous damping [51,52]. In particular, the N/ST configuration shows higher wave amplitudes in
Fig. 5(a) and speeds in Fig. 5(b) than the ST/N configuration because of the smaller fluid viscosity
in the mixing layer for the former case (see Table II). Interestingly, the temporal frequencies in
Fig. 5(c) remain nearly identical in the two mixing configurations, though they are both smaller
than that in the N/N case under every electric field. The reasons for this invariance are currently
unclear to the authors and require numerical investigations.

As it also exhibits the lowest Eth for the onset of EKI, the N/ST configuration appears to yield
stronger EKI responses compared to ST/N because of the competition of the following four factors
present in the definition of electric Rayleigh number, Rae,p-l , in Eq. (13): (1) shear thinning in
terms of the power-law index n: a smaller n (i.e., more shear thinning) increases Rae,p−l , leading
to enhanced EKI in the ST/N configuration; (2) conductivity gradient in terms of �: a smaller
� decreases Rae,p−l , leading to diminished EKI in the ST/N configuration; (3) viscous damping
in terms of fluid viscosity μ, involved in the ion diffusivity D in Eq. (14) and diffusion length δ in
Eq. (18): a larger μ reduces both D and δ, thus increasing Rae,p−l , leading to enhanced EKI in the
ST/N configuration; (4) electro-osmotic convection in terms of Ueo involved in the diffusion length
δ: a smaller Ueo decreases Rae,p−l , leading to diminished EKI in the ST/N configuration. A direct
comparison of Rae,p−l between the two rheology mixing configurations will be provided in the next
section.

B. Effects of polymer concentration on critical conditions for EKI

Figure 6(a) presents the experimental images of EKI waves in the N/ST and ST/N fluid config-
urations with varying XG concentrations under their respective threshold electric fields, Eth. These
images reveal two key trends: one is that Eth is lower in the N/ST configuration compared to ST/N
for all XG concentrations, and the other is that Eth decreases with higher polymer concentration
in both configurations. In addition, the onset location of EKI waves in the N/ST configuration
remains at the stagnation point, while that in the ST/N configuration shifts upstream toward the
stagnation point with increasing XG concentration. Both trends are consistent with those observed
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FIG. 6. (a) Experimental images of EKI waves under threshold electric fields, Eth, in the N/ST (left) and
ST/N (right) fluid configurations with varying XG concentrations. The arrows on the images point to the onset
location of EKI waves, and the scale bar indicates 200 µm. (b) Comparison of Eth (normalized by Eth,0 for the
N/N configuration in Fig. 4) among the N/ST, ST/N, and ST/ST [51] configurations.

in Fig. 4 against the applied electric field. Figure 6(b) compares the values of Eth (normalized
by Eth,0 for the N/N configuration in Fig. 4) in between the N/ST and ST/N fluid configurations,
along with those in the ST/ST configuration from our previous work [51]. The threshold fields
in the homogeneous rheology configuration, i.e., ST/ST, lie between those of rheology mixing
configurations. This phenomenon suggests that EKI is enhanced over homogeneous shear thinning
fluids when the gradients of shear thinning rheology and electrical conductivity are in the same
direction. The opposite happens if the rheology gradient is introduced in the opposite direction
of the conductivity gradient. In other words, the rheology gradient itself may be able to induce
instability in electrokinetic microchannel flows, which will be our future work.

Figure 7(a) compares the critical electric Rayleigh numbers, Rae,cr (normalized by Rae,cr,0 in
the N/N fluid configuration), for the onset of EKI in the three fluid configurations, which were
calculated via the formulation in Eq. (2) from our previous work [51]. One can see that Rae,cr < 1
in XG solutions, regardless of the fluid configuration, further validating the statement in our previous

R
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R
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R
a

R
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FIG. 7. Comparison of the critical electric Rayleigh numbers (normalized by Rae,cr,0 in the N/N fluid
configuration) for the onset of EKI waves among the N/ST, ST/N, and ST/ST configurations: (a) Rae,cr via
the formulation in Eq. (2) from our previous work [51]; (b) Rae,p−l,cr via the formulation in Eq. (13) from
this work. The curves for the ST/ST configuration are plotted using the experimental data of threshold electric
fields from our previous work [51]. All lines are used to guide the eyes only.
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work that the addition of shear thinning XG polymer enhances EKI [51]. Moreover, Rae,cr decreases
continuously with increasing XG concentration in each fluid configuration and exhibits similar
variations across the fluid configurations to Eth in Fig. 6(b). Specifically, the N/ST configuration
shows the lowest Rae,cr, and the ST/ST configuration remains in the middle over the range of XG
concentrations. As an example, at 100-ppm XG concentration, the ST/N configuration shows a ratio
of Rae,cr/Rae,cr,0 = 0.52, roughly 120% higher than that in the N/ST configuration, which is only
0.24. Meanwhile, the ST/ST configuration yields a ratio of 0.35, positioned midway between the
other two. Like Eth in Fig. 6(b), such trend of Rae,cr across the fluid configurations also suggests the
impact of fluid rheology gradient on EKI in microchannel flows.

As noted in the Introduction, our previous formulation of Eq. (2) [51] did not consider the
fluid rheology effects on Rae,cr. Therefore, the obtained Rae,cr/Rae,cr,0 < 1 in Fig. 7(a) for all
cases is essentially a result of the XG polymer-addition-induced variations in fluid viscosity,
electro-osmotic velocity, and conductivity, excluding shear thinning rheology. Here, we further
calculated the critical electric Rayleigh numbers in power-law fluids via Rae,p−l in Eq. (13)
for each fluid configuration with varying XG concentrations at the corresponding Eth. Specif-
ically, we used Eq. (18) to calculate the ion diffusion length, δ, at Lx = 1.5 mm downstream
location, which is approximately the length of the main branch in the recorded experimental
images. The fluid viscosity was set to μ0 = 1.0 × 10−3 kg m−1 s−1 for both 0.2- and 2-mM PB
solutions, in which the ion diffusivity was assumed to be D0 = 1.0 × 10−9 m2 s−1 [28]. The
electro-osmotic velocity, Ueo, in Eq. (18) was approximated as the average electro-osmotic fluid
velocity at the interface, which was calculated from Ueo = (μeo,1 + μeo,2)Eth/2, with μeo,1 and
μeo,2 being the experimentally measured electro-osmotic mobilities of the two fluids (see Fig. 3).
To determine the local fluid viscosity at the interface, i.e., μ in Eqs. (14) and (18), we first
estimated the local shear rate via γ̇ = 2Ueo/h. The dynamic viscosity was then calculated using
Eq. (17), where the power-law constants K and n in each fluid configuration are presented in
Table II.

Figure 7(b) compares the values of Rae,p−l,cr among the three shear thinning fluid configurations,
which are also normalized by Rae,cr,0 in the N/N fluid configuration for consistency with Rae,cr in
Fig. 7(a). Similar variations to Rae,cr are observed for Rae,p−l,cr, both across the fluid configurations
and over the XG concentrations. However, the gaps in Rae,p−l,cr among the three configurations
are noticeably smaller than those in Rae,cr. As an example, for 100-ppm XG concentration, the
ST/ST configuration shows a ratio of Rae,p−l,cr/Rae,cr,0 = 0.20. This value is about 40% higher
than that in the N/ST configuration, which is 0.14, while almost 20% lower than the ST/N con-
figuration, which is 0.24. This difference between Rae,cr in Fig. 7(a) and Rae,p−l,cr in Fig. 7(b)
highlights the modifications by fluid-rheology-induced viscous stress in the electric Rayleigh
number formulation. Moreover, the observation that Rae,p−l,cr is smaller than the corresponding
Rae,cr in all fluid configurations under every XG concentration indicates the enhancement effect
of fluid shear thinning on EKI. This is further to the enhancement effect of polymer-addition-
induced fluid viscosity, conductivity, and electro-osmotic velocity variations as reflected by Rae,cr in
Fig. 7(a).

A natural question is whether our electric Rayleigh number analysis based on the power-law
model will remain valid if a more realistic constitutive model, such as the Carreau model [58], is
adopted for the fluid shear thinning effect. The Carreau model predicts a finite viscosity plateau
at both low and high shear rates, with an intermediate regime in which the viscosity follows a
power-law-type decay. In contrast, the power-law model represents only an approximation of the
intermediate shear regime and does not capture the plateau behavior. It is, however, important to
note that the estimated local shear rates (approximated via γ̇ = 2Ueo/h) in our experiments fall
within the power-law regime. For example, in the 50-ppm N/ST configuration, the shear rate varies
from approximately 13 s−1 at the threshold electric field to 32 s−1 at the maximum applied electric
field of 444 V/cm. As evident from Fig. 2(b), this range of shear rates lies within the power-law
decay region. Hence, our analysis should remain valid even if a more realistic shear thinning fluid
model is used instead of the power-law model.
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FIG. 8. Comparison of EKI waves in the N/ST and ST/N fluid configurations with varying XG concentra-
tions under a fixed electric field of 389 V/cm: (a) experimental images, where the arrows point to the onset
location of EKI waves and the scale bar indicates 200 µm; (b) experimentally measured wave amplitude (top),
speed (middle), and frequency (bottom), where all lines are used to guide the eyes only.

C. Effects of polymer concentration on EKI wave properties

Figure 8(a) presents the experimental images of EKI waves in the N/ST and ST/N fluid configu-
rations with varying XG concentrations. One can see that under a fixed electric field of 389 V/cm,
the wave amplitude first decreases from 50 to 100 ppm XG concentration and then increases again at
150 ppm in both configurations. This nonmonotonic behavior is confirmed by the quantitative plot
of wave amplitude against XG concentration in Fig. 8(b) (top). It is consistent with our previous
study of EKI in the ST/ST fluid configuration [51], which results from the combined effects of
polymer-addition-induced variations in fluid viscosity, shear thinning behavior, electro-osmotic
velocity, and conductivity ratio. The N/ST configuration has a higher wave amplitude than the ST/N
configuration for all nonzero XG concentrations, which aligns with the observation in Fig. 5(a)
and may be partially associated with the larger viscosity of the latter (see Table II). Figure 8(b)
also presents the experimentally measured speed (middle) and frequency (bottom) of EKI waves
in the N/ST and ST/N configurations. These two properties exhibit a similar nonmonotonic trend
to the wave amplitude in both configurations. Like that in Fig. 5(b), the N/ST configuration has
higher wave speeds than the ST/N configuration because of the viscosity difference. In contrast, the
wave frequencies in the two configurations remain almost identical, supporting our observation in
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Fig. 5(c). Further studies, especially numerical [71,72], are needed to fully understand the EKI in
microchannel flows with both conductivity and rheology gradients.

V. CONCLUSIONS

We have investigated the effects of fluid rheology gradients on EKI using a T-shaped mi-
crochannel. Our experiment demonstrates that introducing shear thinning XG polymer into either
the high- (i.e., N/ST fluid configuration) or low- (i.e., ST/N fluid configuration) conductivity PB
solution enhances EKI by reducing the threshold electric field required for instability. However, the
extent of this enhancement varies with the direction of the rheology gradient. Adding XG to the
high-conductivity buffer in the N/ST configuration results in more pronounced EKI characteristics
with higher wave speeds, greater amplitudes, and lower threshold electric fields, compared to XG
in the lower-conductivity buffer of the ST/N configuration. These observations suggest that EKI is
enhanced when the shear thinning rheology and conductivity gradients are in the same direction.
Moreover, the gradient of shear thinning alone may be able to induce instability in electrokinetic
flows. The threshold electric fields in the homogeneous ST/ST fluid configuration are found to
be in between those for the two rheology mixing configurations across the XG concentrations.
To further examine the critical conditions for the onset of EKI, we have also revised the scaling
analysis of Chen et al.’s electric Rayleigh number formulation [28] to account for the fluid shear
thinning effects on EKI. The critical values of this power-law fluid–based dimensionless number
exhibit similar variations to the threshold electric field across both the fluid configurations and
XG concentrations. Our analysis suggests that the observed variations in EKI behaviors among the
fluid configurations stem from the differences in rheological properties of the mixing layer. These
findings deepen our understanding of how fluid rheology gradients influence EKI in microfluidic
systems, offering valuable insights into designing microfluidic devices that require precise control
over fluid mixing and particle manipulation. In future work we will investigate the effects of other
non-Newtonian rheology (such as viscoelasticity) gradients on EKI.
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