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Helical flow leads to deformation of solute plumes and enhances transverse mixing in porous media. We
present experiments in which macroscopic helical flow is created by arranging different materials to obtain
an anisotropic macroscopic permeability tensor with spatially variable orientation. The resulting helical
flow entails twisting streamlines which cause a significant increase in lateral mass exchange and thus a
large enhancement of plume dilution (up to 235%) compared to transport in homogenous media. The setup
may be used to effectively mix solutes in parallel streams similarly to static mixers, but in porous media.
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Mixing processes are widely studied in fluid mechanics
due to their relevance for many industrial and environmen-
tal processes [1–4]. While in turbulent flows efficient
mixing can be easily achieved [5], slow diffusive processes
control mixing in laminar and creeping flows encountered
in engineering systems such as chemical separators, chro-
matography columns, micromixers and filters, as well as in
natural geologic formations like aquifers and oil reservoirs
[6–8]. Under these conditions, the topology of the flow
field and its complex structure are fundamental to enhance
and control mixing processes [1,6,9,10]. Flows in porous
media have been mainly analyzed focusing on the shearing
effects of heterogeneity on scalar mixing [11–14]. Most
studies have considered heterogeneous isotropic porous
media, in which the flow has a zero helicity density; i.e., the
flow vector is always perpendicular to the vorticity vector
[15]. However, a few theoretical and numerical studies
[16–18] have shown that helical flows with nonzero
helicity density can occur in three-dimensional anisotropic
porous media. Yet, an experimental proof of the real
occurrence of such flows in porous media is still missing.
In this Letter, we present laboratory flow-through experi-

ments in a three-dimensional heterogeneous, anisotropic
packed bed that prove the existence of helical flows in
porous media, and we quantify the impact of such flows on
steady-state transport and dilution of solute plumes.
Figure 1 shows a photograph of the experimental setup.

The three-dimensional flow-through chamber has an inner
dimension of 30 cm × 7.7 cm × 10 cm. It has 25 ports
(5 × 5 array) at the inlet and 49 ports (7 × 7 array) at the
outlet. The ports at the inlet are equally spaced with a
distance of 1.54 cm, while at the outlet the distance
between the ports is reduced to 1.1 cm in order to increase
the spatial resolution of solute concentration and flow
rate measurements. Rubber septa are plugged at all ports
and stainless-steel syringe needles are inserted into the
septa for liquid injection and extraction. High-precision

multichannel peristaltic pumps (Ismatec, Glattbrugg,
Switzerland) are used to establish steady-state flow in
the flow-through setup. The pumping rates are individually
calibrated for each channel of the inlet and outlet pumps
before the experiments, and they are monitored during the
experimental runs to ensure stable flow conditions. The
porous medium in the three-dimensional flow-through
chamber consists of three layers. It has spatially hetero-
geneous and anisotropic permeability at the relevant scale
for the observation of helical flow [18], but isotropic
porosity. Both layer 1 and layer 2 consist of two types
of glass beads (Sigmund Lindner, Warmensteinach,
Germany), one with a fine grain size of 0.4–0.6 mm and
the other with a coarse grain size of 1.5–2.0 mm. The
porosity was determined gravimetrically, and a value of 0.4
was found for both the fine and the coarse material. The
architecture of the porous medium was obtained by alter-
nating angled stripes of high and low hydraulic conduc-
tivity in layer 1 and layer 2 (Fig. 1), and it was designed to
achieve a simplified representation of herringbone cross-
stratification, a pattern observed in subsurface sedimentary
depositional environments [19]. Therefore, the porosity is
invariant through the medium, but the permeability, and
thus the hydraulic conductivity, varies from one stripe to
the next. The hydraulic conductivity within the stripes is
locally isotropic; its value was calculated from the grain
size following Hazen [20]. A metal frame was used to
achieve this arrangement during the filling of each layer
and then removed. The height of the two layers was
identical (3.08 cm). A homogeneous layer of fine material
(0.4–0.6 mm) saturated for a thickness of 1.54 cm was
placed on top of layer 2. Such a layer was needed to
maintain water-saturated conditions in the coarse glass
beads in layer 1 and layer 2. The average seepage velocity
in the porous medium was 3 m=day for all experimental
runs, which leads to a maximum of grain-Péclet number
(i.e., Pe ¼ vd=Daq, where v is the seepage velocity, d is the
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grain diameter, and Daq is the aqueous diffusion coeffi-
cient) of 2.25 × 103, and a maximum grain-Reynolds
number (i.e., Re ¼ qd=ν, where q is the specific discharge
and ν is the kinematic viscosity) of 1.08 (data derived from
the numerical simulations). After establishing steady-state
flow conditions, a dilute sodium fluorescein solution with a
concentration of 15 mg=l was injected from a selected inlet
port. Three experiments were performed exchanging the
tracer injection port. After flushing 8 pore volumes, steady-
state transport conditions were achieved and samples were
collected at the 49 outlet ports. Fluorescein concentrations
at all ports were measured using a UV-spectrometer (Perkin
Elmer LS-3B), and the flow rate at each port was
determined gravimetrically by weighting the samples and
measuring the sampling time.
We performed flow and transport simulations using the

numerical code described in Ref. [21] to quantitatively
interpret the experimental observations. Flow was calcu-
lated according to the governing steady-state flow equation
in saturated porous media obtained by combining Darcy’s
law and the continuity equation:

∇ · (qðxÞ) ¼ ∇ · (−KðxÞ∇ϕðxÞ) ¼ 0; ð1Þ

where x [L] denotes the vector of spatial coordinates, K
[LT−1] is the hydraulic conductivity tensor (here assumed
isotropic as the stripes of different materials are spatially
resolved), ϕ [L] is the hydraulic head, and q [LT−1] is the
specific discharge vector as defined by Bear [22]. In our
experimental setup the permeabilities and their differences
are low; thus, the Brinkman correction term in Darcy’s law
can be neglected [23]. Equation (1) was solved considering
fixed-flux boundary conditions for each injection and
extraction port, while no-flow conditions were applied at

the other boundaries of the flow-through chamber. Steady-
state nonreactive transport was described by the advection-
dispersion equation:

v ·∇c − ∇ · ðDt∇cÞ ¼ 0; ð2Þ
where c [ML−3] is the concentration, v ¼ q=θ [LT−1] is
the seepage velocity vector (also denoted as linear average
velocity of water), θ [–] is the porosity, and Dt [L2T−1] is
the transverse dispersion coefficient. For continuous
injection under steady-state transport conditions the longi-
tudinal dispersion term in the advection-dispersion equa-
tion can be neglected [24]. The accurate description of the
transverse dispersion coefficient should properly capture
the coupled interaction between the aqueous diffusivity of
the solute (Daq;fluorescein ¼ 0.48 × 10−9 m2=s) and mechani-
cal dispersion [25,26]. In this study, we used the nonlinear
compound-specific parametrization proposed by Chiogna
et al. [27] with the parameters for the materials reported by
Ye et al. [28]. A constant injection concentration was
applied as a boundary condition for the inlet ports. The
fixed concentration was 15 mg=l for the tracer injection
port and 0 mg=l for all surrounding ports through which
pure water was pumped into the flow-through system.
Dilution of steady-state solute plumes along the main

flow direction x is quantified using the flux-related dilution
index EQðxÞ [L3T−1] [29]:

EQðxÞ¼ exp

�
−
Z
Ω
½pQðx;y;zÞlnpQðx;y;zÞ�qxðx;y;zÞdA

�
;

ð3Þ

where Ω is the cross-section perpendicular to the main flow
direction, qxðx; y; zÞ [LT−1] is the specific discharge

FIG. 1 (color online). Photograph of the experimental setup: Top view of the two layers with alternate stripes of fine and coarse
material used to build the heterogeneous anisotropic porous medium, and side views of the inlet and the outlet with marked injection and
extraction ports, respectively.
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component in the longitudinal direction x, and pQðx; y; zÞ
[TL−3] is the flux-weighted probability density function of
the solute mass, defined as

pQðx; y; zÞ ¼
cðx; y; zÞR

Ω cðx; y; zÞqxðx; y; zÞdA
: ð4Þ

The metric EQ was derived in analogy to the (volume-
related) dilution index E [L3] [30] and has been used in
both Darcy and Stokes flows [31]. It represents the
exponential of the Shannon or information entropy, which
is a measure of disorder [32] of the solute mass flux and
quantifies how a given solute mass flux is distributed over
the water flux transporting the solute at a given longitudinal
position x. While Eq. (3) contains the logarithm of a
dimensional property (here pQ), it is dimensionally correct
and may be written as the limit of a discrete exponential of
the entropy where all terms in exponents and logarithms are
dimensionless [30]. EQ was calculated at the inlet and at the
outlet according to the experimental measurements of
concentration and flow rate, while it was computed at all
cross sections along the travel distance in the numerical
simulations.
Figure 2 shows the tracer concentrations at the outlet of

the flow-through setup for the three experiments performed
injecting the tracer solution from three different inlet ports.

The results are shown as normalized concentrations mea-
sured at the outlet ports (i.e., measured values normalized
by the concentration of fluorescein in the tracer solution).
The two-dimensional maps showing the experimental
distribution of fluorescein at the outlet [Figs. 2(a)–2(c)]
are obtained by interpolating the concentration measure-
ments at the 49 outlet ports with the cubic interpolation
algorithm implemented in Matlab. Figures 2(d)–2(f) show
the concentration distribution computed in the numerical
simulations of the different experiments. Notice that the
results at the outlet show that the plume location, the peak
concentration, as well as the shape of the plume changed
considerably in the different experiments. Because of the
flow field in the three-dimensional setup, the location of the
plume at the outlet significantly deviates from the position
of the inlet port used to inject the tracer solution and
indicated by a white cross in Fig. 2. Also, the peak
concentrations observed at the outlet differ depending on
the port chosen to inject the tracer. Figure 2(b) shows
the highest peak concentrations while Fig. 2(c) shows the
lowest value. Furthermore, the shape of the plume at the
outlet cross section is also different in the three cases. These
effects indicate that the flow field exerts a significant
control on tracer transport, on the deformation of the
material surface of the plume, and on plume dilution.
Figures 2(g)–2(i) show the comparison of the normalized

FIG. 2 (color online). Results of normalized concentration distributions at the outlet of the heterogeneous anisotropic flow-through
system for the three experiments performed using different tracer injection ports. (a)–(c) The experimental results. (d)–(f) The model
results. (g)–(i) The comparison between observed and simulated normalized concentrations.
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concentrations measured at the outlet ports and the values
obtained from the purely forward simulation of the different
flow-through experiments. The experimental error ε [–] is
estimated applying the reduced χ2 test:

χ2 ¼ 1

nports

Xnports
n¼1

ðcmeas − csimuÞ2
ε2

ð5Þ

such that χ2 meets its expected value of unity. Here, nports
[–] is the number of the outlet ports (49 in our setup), cmeas
[–] is the measured normalized concentration at each port,
and csimu [–] is the simulated normalized concentration at
each port. The experimental error estimated according to
Eq. (5) is shown as dashed lines in Figs. 2(g)–2(i). The
forward model captures the main flow and transport
processes occurring in the experimental setup. In particular,
a very good agreement was found between the measured
and simulated results in the first two experiments, whereas
the deviations were larger in the third flow-through
experiment.
The simulations are instrumental to visualize and explain

the laboratory results and, in particular, the remarkable
deviation of the peak concentration location at the
outlet with respect to the inlet injection port. To further

illustrate this point, numerical simulations of streamlines,
determined by particle tracking [33] according to Eq. (1),
are shown in Figs. 3(a)–3(c). The streamlines (black lines)
provide a clear image of the complex velocity field in the
three-dimensional setup. Streamlines starting at the source
twist along the travel distance, assuming a helical shape,
and terminate with remarkable shifts compared to the inlet
location. Such behavior is caused by the interaction of
macroscopically anisotropic hydraulic conductivity with
changing orientation in the different layers and the no-flow
boundary conditions [18]. Figure 3 also shows the
occurrence of deformed isosurfaces [color surfaces in
Figs. 3(a)–3(c)] with constant hydraulic head ϕ. These
isosurfaces are not perpendicular to the streamlines, indi-
cating therefore the occurrence of nontrivial Lamb surfaces
and hence nonzero helicity density.
The helical flow occurring in our experimental setup

affects mixing and dilution processes by deforming the
material surface of the plume, causing an increase of
diffusive and transverse dispersive fluxes, thus increasing
the probability of mass exchange between two streamlines.
As a result, plume dilution is considerably enhanced. The
flux-related dilution index, quantifying plume dilution
at different cross sections, is shown in Figs. 3(d)–3(f).
The solid red lines show the simulated behavior of the

FIG. 3 (color online). (a)–(c) Streamlines traced from the inlet injection ports show a helical behavior; black lines: streamlines; colored
surfaces: isosurfaces representing points with constant hydraulic head ϕ; grey surfaces: water level. (d)–(f) Flux-related dilution index
observed (circles) and simulated (lines) at cross-sections along the travel distance in the three flow-through experiments.
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flux-related dilution index along the main flow direction in
the flow-through system, whereas the red circles represent
the experimental values measured at the inlet and at the
outlet of the setup. The monotonic increase of EQ with the
travel distance captures the spatial increase of the entropy
of the plume due to the lateral diffusive and dispersive
processes that distribute the solute mass flux over an
increasing water flux. The increase of plume dilution
between the inlet and the outlet of the setup is remarkable,
and the values of EQ at the outlet of the setup in the
three flow-through experiments are in the range
3.5 × 10−8 – 4.0 × 10−8 m3=s and show more than a ten-
fold increase compared to the values at the inlet. To assess
the contribution of helical flow to plume dilution, it is
interesting to compare the outcomes obtained for the
heterogeneous anisotropic domains with homogeneous
porous media. To this end, the flux-related dilution index
has been also computed using the numerical model for two
homogeneous porous media, entirely packed with fine glass
beads (dashed blue lines in Fig. 3) or with coarse glass
beads (dash-dotted green lines in Fig. 3), respectively. Both
the values of EQ and its rate of increase show that plume
dilution in the heterogeneous and anisotropic porous
medium is considerably larger compared to the homo-
geneous domains. In particular, the values at the outlet
show an average dilution enhancement in the anisotropic
setups of 235% and 75% compared to the homogeneous
fine and coarse grain size scenarios, respectively. This
indicates the relevance of the occurrence of helical flow in
porous media and its remarkable effect on solute transport
and mixing processes.
In conclusion, we provide first experimental evidence of

helical flows in porous media. Such flows with twisting
streamlines have a large impact on the dilution enhance-
ment of steady-state solute plumes. Since this is the rate
limiting step for mixing-controlled reactions, helical flow
will lead to strongly enhanced chemical reactions in
plumes. The outcomes of this study extend the findings
of complex flows and associated mixing processes carried
out for Stokes flows in microchannels [6,34] to Darcy flows
in porous media, occurring at larger scales. These results
are relevant for an improved understanding of dilution and
mixing processes occurring in engineered systems such as
packed bed reactors as well as in natural systems such as
geologic formations and aquifer systems.
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