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Abstract. We characterize and employ a light transmission technique to measure the dispersivity of a solute
in the flow of a neutrally-buoyant non-Brownian spherical particle suspension in a Hele-Shaw cell (parallel-

plate axial flow). Particle radii (a) were 20 and 40 pm,

the particle bulk volume fraction ¢pux was 0.2, and

the cell aperture was 420 4+ 10 pm. In each displacement experiment a suspension with a colouring solute
displaces a transparent one at constant flow rates ranging from 0.721 to 0.928 mL/min (corresponding to
solute Péclet numbers (Pes) between 350 and 450). A reference measurement, identical to the displacement
ones but without particles in the flow (¢bux = 0), were performed in the same experimental assembly for

comparison purposes. A light calibration related the

transmitted intensity I to the solute concentration

¢ for each combination of ¢y and a. The time variation of the solute concentration was found to be
well-fitted by the solution of the advection-dispersion equation (ADE) in the range of Pes studied, and
consequently a dispersion coefficient D and a dispersivity lq of the solute were measured.

1 Introduction

Suspension flow involving particle but also solute trans-
port takes place in a range of environmental applications
and industrial processes such as chemical waste manage-
ment or exploitation of hydrocarbon reservoirs. The in-
fluence of many factors needs to be clarified in order to
achieve an accurate description of both suspension dynam-
ics and solute dispersion mechanisms, i.e., flow conduit
geometry, properties of the carrier fluid, size distribution,
shape and density of the particles, diffusive and adsorptive
properties of the solute.

Recently, the flows of colloidal and non-colloidal (or
macroscopic) particle suspensions, with particles sizes
smaller or greater than 1 pm respectively, have been stud-
ied by many authors, basically because of the development
of an important number of applications (coatings and food
industry, perforation fluids, sediment transport), and also
because new experimental techniques are available, such
as confocal microscopy [1] or NMR [2,3]. These new tech-
niques allow one to investigate suspension microstructure
and rheological properties in detail. Both have also been
studied extensively from the numerical point of
view [4,5].

On the other hand, transport and dispersion of solutes
in subsurface flow have been subject of research for many
years [6,7], mainly because of subsurface contamination
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issues. In subsurface flow, the phase carrying the solute is
often modeled as a single fluid with given viscous proper-
ties (aqueous solutions, polymers) flowing at low flow Re
number, or eventually as a multiphase flow for example
in hydrocarbon related applications. The geometry of the
media plays in all cases a crucial role in the dispersion of
the solute [8-10].

Frequently, in environmental and industrial applica-
tions, solute dispersion occurs in a two-phase flow, com-
posed by a solid (particulate, unconsolidated) phase in
addition to the fluid one. The presence of this solid phase
adds complexity to the phenomenon of solute transport
and dispersion, mainly because the flow of a suspension is
much harder to describe than that of a pure fluid. Parti-
cle micro-organization and migration may modify the local
and global properties of the flow thus affecting in turn the
dispersion of the solute.

Previous works mainly addressed the differential trans-
port of solutes and colloidal particulate material.

Massei et al. [11] studied transport and deposition of
quartz particles relative to dissolved fluorescein in exper-
iments performed in a highly permeable porous media.
A retardation of the particles with respect to the solute
was measured, with higher dispersivity for the latter.

Zvikelsky and Weisbrod [12] studied the impact of par-
ticle size on colloid transport in natural fractured media
relative to LiT and Br~ as soluble tracers. In this case,
on the contrary, the particles showed earlier arrival times
than the solute and an advective-dominant transport
behavior.
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Reno et al. [13] studied dispersion of colloidal carboxy-
late microspheres and chloride as a solute in synthetic frac-
tures, with a near breakthrough behavior between colloids
and solute. They found a dependence of colloid dispersion
on the flow rate and the fracture length but not an evident
one on the particle size.

Zheng et al. [14] studied numerically the differential
transport and dispersion of colloid particles and molecular
scale solutes in constant and variable aperture fractures,
finding the conditions for which Taylor dispersion and its
extension for finite-colloid size can describe accurately col-
loid and solute dispersion.

In a previous work, Roht et al. [15] measured the lon-
gitudinal dispersion coefficient D of a passive solute in the
Poiseuille, parallel-plates, flow of a macroscopic suspen-
sion, for a range of particle bulk volume fractions (¢puix)
and flow rates (quantified by the solute Péclet number
Peg). They found a decrease of D for ¢pui > 0.15 and
Peg > 300 compared to ¢pux = 0, implying that the
presence of the particles may reduce the dispersion of the
solute in this flow configuration.

1.1 Solute dispersion in simple fluid flows

In general, the dispersion of a tracer or solute is due to
the combination of the molecular diffusion and the spatial
variations of the flow velocity. In the case of a smoothly
varying and weakly fluctuating permeability field, the
solute concentration satisfies the classical macroscopic
advection-dispersion equation (ADE) [16].

Moreover, in simple flow configurations such as flow
between infinite parallel-plates, the variation of the longi-
tudinal dispersion coefficient D with the mean velocity is
given by equation (1) [17,18]:

dU
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where d is the typical distance across the flow, and D,, is
the molecular diffusion coefficient. For flow in a cylindri-
cal capillary tube the factor 1/210 changes to 1/48. This
type of dispersion is known as Taylor dispersion, and it
is achieved after sufficient time to allow transverse solute
diffusion to homogenize the concentration in the direction
perpendicular to the mean flow (cf. Sect. 3).

The Péclet number of the solute, Peg, characterizes the
relative influence of the molecular diffusion of the solute
and of its advective transport. A distinction should be
made with particle Péclet number Pe, to be defined in
Section 1.2.

As Peg increases the term due to molecular diffusion
becomes negligible and D, and the dispersivity lq = D/U;
vary as

D Pez. Pegd 5
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In heterogeneous media with a strongly fluctuating per-
meability field, geometrical dispersion and macrodisper-
sion [19] may exist.

1.2 Suspension flow

Flowing behavior of suspensions have been extensively
studied in numerous theoretical, numerical and experi-
mental works. ..

The particle Péclet number Pe, = %4903 and the

particle Reynolds number Re,, = £ “50 1 provide a measure

of the relative magnitude of viscous and Brownian effects
and of inertial and viscous effects respectively (here a is
the particle radius, ¥ the characteristic shear-rate, pg the
density of the particle, ug the viscosity of the solvent, &
Boltzmann’s constant and 7T the absolute temperature). In
Section 7 we shall see that the values of these parameters
in the present work imply very high Pe, and very low Re,,.

In the case of negligible Brownian and inertial effects,
fluid-particle and particle-particle interactions are then
mostly driven by viscous stresses.

There is consensus about the fact that, in many
flow situations, the stationary spatial distribution of the
particles may be inhomogeneous [20,21]. This makes the
description of the suspension as an effective fluid com-
plex [22]: the microstructure of the suspension becomes
of extreme importance, especially as ¢pyu increases. For
example, it has been shown that, even at low ¢nyik, sus-
pensions may present chaotic behaviour [23].

In particular, particle migration to low shear zones
due to shear-induced diffusion [24,25] may strongly mod-
ify the velocity field. In simple axial flows (parallel-plates,
cylindrical and rectangular channels), the shear induced
diffusion causes the particles to migrate to the centre of
the channel. This results in an local increase of ¢ and a
blunting of flattening of the velocity profile [2,20,26]. This
phenomenon has been explained [5] by a local increase of
the viscosity associated to the local increase of ¢, and has
been observed for @pu as low as 0.05 [1] (we follow the
nomenclature of this author by using ¢ for the local par-
ticle volume fraction and ¢y for the bulk or large scale
one).

The modification of the velocity profile in the channels
due to shear-induced migration may presumably affect the
dispersion of a solute.

2 Experimental methods
2.1 Fluid and suspension preparation

Neutrally-buoyant suspensions were prepared using a
Newtonian carrier fluid containing 21% in weight of glyc-
erol in water (aprox. 1.05 g/cm?).

This solution is fractioned in two equal parts, and then
the solute (Waterblue colorant [27]) is added to one part
(2.0 g/L), and NaCl to the other (2.0 g/L). The latter
is added in order to match densities and avoid gravity-
driven instabilities between the carrier fluids of a coloured
displacing suspension and a transparent displaced suspen-
sion used in the displacement experiments.

A small drop of surfactant (SDS) is also added to
each part in order to improve the wettability; finally
an identical quantity of spherical particles (Dynoseeds
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TS40 or TS80, radii a: 20 £ 1 and 40 £ 2 pm,
density: 1.05 g/cm?) is added to each part in order to
obtain ¢bu1k =0.2.

Coloured and transparent carrier fluid without parti-
cles is reserved for the auxiliary reference experiments.

Deviations from neutral buoyancy, detected visually,
were corrected by adding small drops of water or glyc-
erol simultaneously to both coloured and transparent frac-
tions.

The suspensions were left in observation in an elon-
gated bottle for at least 3 days before performing the ex-
periments to check neutral-buoyancy. We estimated that
the presence of a layer of clear fluid at the top or at the
bottom of the suspension (due to buoyant particles moving
up or down) could be determined with reasonable accu-
racy by direct inspection if the layer has at least a thick-
ness of 0.5 cm. A displacement of 0.5 cm in 3 days would
correspond to a displacement of 0.003 cm (less than a
tenth of the measured cell aperture d, cf. Sect. 2.4) in the
typical duration of our longest experiments (20 min). As
temperature plays a crucial role in the buoyancy of the
particles, room temperature (24 °C) was controlled by air
conditioning and verified by a regular thermometer during
the buoyancy tests and experiments.

Also, in the same way that described above, suspen-
sions with pattern solute concentrations 0; 0.4; 0.8; 1.2; 1.6
and 2 g/L were prepared for the auxiliary light calibration
measurement that will be described in Section 2.5.

2.2 Light transmission technique for pure fluids

The technique used in this work to measure solute concen-
tration in suspension flow is an extension of that used in
previous works [28,29] for fluid flow (with no macroscopic
particles) in constant and variable aperture fractures. The
technique makes use of an auxiliary light calibration that
allows one to determine the functional relation between
the concentration c of a colouring, light-absorbing solute,
dissolved in a layer of fluid, and the transmitted intensity
(I) through the latter. The explicit form of this relation
is later used to determine the unknown c¢ from the mea-
surement of I in the main displacement experiments.

Consider ¢, cpin and cpax being respectively the un-
known, minimum and maximum solute concentrations dis-
solved in the (otherwise transparent) fluid saturating the
cell; and I, Iyax and Iy, the corresponding transmitted
intensities. We assume here that the aperture d of the cell
is constant.

With the use of an extended Beer-Lambert law, the
transmitted intensity I can be written as:

I = Iax exp (—pf1(d) f2(c)) , (3)

where f; and f5 are continuous and monotonic functions

that vanish when their argument vanishes (in the Beer

Lambert model f; and fs reduce to identity functions).
The function I,y defined as

() ho
In <{min ) f2(€max)

max

= fs(c), (4)

Inorm =

only depends on ¢, although the explicit form of f3 is not
known a priori. The determination of the latter is per-
formed in practice through the auxiliary light calibration,
measuring I; and calculating Ip,orm ; for different pattern
values ¢; in the same range that the one employed in the
displacement experiments. Then the variation of Ihorm,i
with ¢; can be interpolated (typically by using a polyno-
mial function of high degree) in order to obtain the an-
alytical expression of ¢ as a function of Iy (i-e., f3 ).
Finally, one can determine ¢ by measuring [ in the dis-
placement experiments by using ¢ = f; Y(Iuorm ). This pro-
cedure yields a solute concentration map ¢(z, y, t) for each
of these experiments.

2.3 Light transmission technique for suspensions

If we consider now the presence of macroscopic spherical
particles in the layer of fluid in addition to the dissolved
solute, the transmitted intensity I may depend not only
on ¢, but also on the particle radius (a) and bulk vol-
ume fraction (@puik). Although it is not straightforward to
assume a monotonic variation of I with ¢y due to pos-
sible multiple light scattering effects, it is however plau-
sible to assume that, at fixed a and ¢puk, I will decrease
monotonically and continuously with increasing ¢, because,
in average, light paths within the suspension undergo an
increasing absorption (see Figs. la—1d). If the optical size
parameter 2aw/A\ (A is the light wavelength) is greater
than five, then classical optics is suitable for describing
light transmission in this situation. In our work this para-
meter takes a value of ~100.

At the scale of the particles, I may fluctuate over dif-
ferent positions (z,y) over the layer as the local value of
¢ fluctuates, because particles in the light paths may dis-
tort local transmission. Consider however the situation of
the layer being saturated homogeneously with suspension
with a known ¢; (e.g., Fig. 1b).

If the measured distribution of oy (and then that
of ¢ determined from it) over (z,y) is found to be sta-
tionary over length scales larger than a certain scale [y,
then, above this scale, the influence of ¢ on I can be con-
sidered as an spatial average. Under this condition, it is
possible to assign a representative value of I; to ¢; inde-
pendently of the specific spatial organisation of the par-
ticles. The value of [, that may a priori depend on ¢puix
and a, would be considerably larger than the particle or
particle cluster sizes in order to smooth-out local ¢ fluc-
tuations, but it should also be significantly smaller than
l., the scale at which ¢ varies along (z,y) in the displace-
ment experiments. In other words, the determination of ¢
from measured [ can only be performed at a length scales
greater than [, so that the influence of the particles is well
captured by the spatial average.

In Section 4 we present the explicit relation between
I; and ¢; for each of the combinations of ¢pu and a used
in the displacement experiments.

In Section 5 we analyse the stationarity of the mea-
sured spatial distribution of ¢ and estimate the orders of
magnitude of [4 and of [, for our experiments.
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Fig. 1. (a-d) Schematics of the light calibration and (e—f) the
displacement experiments. The cell contains a layer saturated
homogeneously with (a) ¢; = 0 g/L = ¢min, (b) ¢; = 0.4 g/L,
(¢) e =1.2¢g/L, (d) ¢; = 2.0 g/L = cmax g/L. (e, f) Evolution
of the displacement front as the coloured suspension with cmax
displaces the transparent one with cmin.

Finally, for high values of ¢y, I is less dependent on
¢, due to the fact that particles (wherein there is no solute)
occupy a large fraction of the total layer volume, and also
in some conditions may block most of the transmission.

In this case, the technique presented in this work may
lack applicability.

2.4 Experimental device and procedure

In the displacement experiments, a transparent suspen-
sion, initially saturating the cell, is displaced by a sus-
pension with a concentration cp.x of a colouring solute
(see Figs. le and 1f), until complete saturation by the
latter. The experimental procedure for the displacement
experiments (initial saturation of the cell, obtention of the
initial condition corresponding to a straight sharp initial
displacement front between the transparent and coloured
suspensions, etc.) is identical to that reported in [28]
and [29].

The Hele-Shaw cell, held horizontally in an aluminium
frame, is made of two rectangular and parallel flat glass
plates (25 cm x 10 cm x 1 cm). Two narrow mylar strips
provided a constant separation between the two plates and
sealed the longest sides of the cell (see Fig. 2) to allow axial
flow between the inlet and outlet (two shorter sides of the
cell). A fluid reservoir with an open top was attached to
the inlet side of the cell; the outlet was connected through
three Teflon tubes to a syringe pump sucking the suspen-
sions out of the cell at a constant flow rate.

Images of the intensity transmitted through the cell,
obtained with a 12-bit CCD camera, were acquired at con-
stant time intervals. The cell aperture d was estimated
from a comparison between the pump flow rate and the
measured values of the mixing front mean velocity U (the
velocity of the front of isoconcentration with ¢/cpax = 0.5)
in the displacement experiments, yielding 420 4+ 10 pm.

These experiments were performed at mean flow ve-
locities ranging between 0.040 and 0.051 cm/s (leading
to 350 < Peg < 450). The range of flow velocities (of
Pey) and value of ¢pyx studied in this experiments were

CCD Y *
camera
Movable plunger l_l
Coloured displaced £
suspension
glass
f{ /"/_,-' /
. Pump
(oo oaNso. Y I e
2 08%8083 0 & S0 o°; o\ =
Transparent
displaced
suspension

Fluid bath

Light box

Fig. 2. Schematic view of the experimental setup. The coloured suspension displaces the transparent one at constant flow rate,
while the camera acquires images of the transmitted intensity I through the cell.
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chosen in view of the results of Roht et al. [15], that ob-
served a variation in the dispersion coefficient of the solute
due to the presence of the particles only for Pes > 300
and ¢ > 0.15. Greater values of Pey may compromise the
achievement of the Taylor dispersion in our 25 cm cell
(making the cell too short), while as explained in Sec-
tion 2.3 much higher values of ¢p,x may turn the light
transmission technique inapplicable.

Depending on Peg, the duration of the experiments
required to obtain complete saturation of the cell by the
displacing fluid ranged between 1 h and 2 h (time interval
between images from 55 s to 71 s). A total of 100 acquired
images, with spatial resolution of 0.2 mm (1 pixel), were
acquired during experiment.

Displacement experiments were performed for ¢py =
0.2 (a =20 pm) and ¢puk = 0.2 (a = 40 pm).

In addition to the displacement experiments with sus-
pensions, a reference experiment and a light calibration,
using exactly the same device assembly, were also per-
formed.

Anytime a displacement experiment for ¢pui = 0.2
was performed, a reference experiment without particles
(but otherwise identical) was also carried out in the same
experimental conditions. This procedure allowed us to
compare experiments with and without suspended par-
ticles, while keeping all the other parameters constant.

The light calibration is described in Section 2.5.

2.5 Light calibration measurement

A light calibration measurement was performed indepen-
dently for each displacement experiment.

The procedure consists in saturating the cell with fluid
or suspensions with increasing pattern solute concentra-
tions ¢; = 0; 0.4; 0.8; 1.2; 1.6 and 2 g/L (Figs. la-1d).

The images of the transmitted intensity through the
cell are acquired once two cell volumes of the fluid with ¢;
were injected, to ensure full saturation with it, and also,
with the flow turned on, using a flow rate similar to that
used in the displacement experiments. The latter is done
to reproduce any flow-induced suspension microstructure
that may arise in those experiments, affecting the light
transmission (compared to the situation of null flow).

Also, in each calibration, the value of reference inten-
sity (Iref), in an external zone outside the cell was recorded
in order to provide a reference to correct external lighting
variations.

3 Image processing and data analysis

The time variation c¢(z,y, t) for each point (z,y) in a mea-
surement zone in the cell was fitted by the solution of the
ADE equation to finally obtain a longitudinal Taylor dis-
persion coefficient D as detailed in references [28] and [15].
Both D and the dispersivity lq = D/U provide a quantita-
tive measure of the degree of spreading of the mixing front
between coloured and transparent suspension and then of
the dispersion of the solute.

o
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Fig. 3. Variation of I;/I e as a function of ¢;. (0): ¢pux = 0;
(A): a = 20 pm, ¢pux = 0.2; (0): a = 40 um, ¢pux = 0.2.
The error bars are smaller than the symbols. Inset: Data series
(A) and (O) divided by (o): the relative decrease of I; due to
the presence of the particles of a given size is rather constant
with c.

The measurement zone of dimensions (7.4 cm (z) by
4.6 cm (y)) is located near the outlet, far enough from
the inlet in order to plausibly assume that both Tay-
lor dispersion regime and suspension steady-state veloc-
ity profile are achieved (cf. Sect. 7). The characteristic
time of solute transverse molecular diffusion in the cell
aperture is 7q = (d/2)?/D,, and that corresponding to
solute advection is 7, = X,,/U. The Taylor regime is
achieved for a given X, if 7, > 74. Here U is the mean
flow velocity, Dy, the solute molecular diffusion coeffi-
cient Xy, is the longitudinal position in the flow direction,
and d is the cell aperture. In a typical experiment with
Pey, = 450 (U = 0.0514 cm/s, Dy, = 4.8 x 1075 cm?/s
(waterblue)), the above condition is satisfied near the out-
let (X, = 25 cm), having 74 = 92 s and 7, = 486 s. The
Taylor regime can be then considered achieved in this case.

In Section 7, we discuss in quantitative terms the at-
tainment of the suspension steady-state velocity profile in
our experimental conditions.

4 Transmitted intensities

Figure 3 shows the variation of I;/I,r with ¢; for ¢pu = 0
(carrier fluid only) and for ¢pux = 0.2 (@ = 20 and 40 pm)
in the auxiliary light calibration.

The values of I; are normalized by I (cf. Sect. 2.5)
in order to correct external lighting variations between
different series.
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Fig. 4. Variation of ¢ as a function of Inorm: (as defined in
Sect. 2.2). (0): ¢puk = 0; (A): a = 20 pm, Ppux = 0.2; (O):
a = 40 pm, ¢pukx = 0.2. A crossover in the behavior of Inorm,:
can be observed for ¢; = 0.8. Error bars are omitted for clarity.

In Figure 3 we can observe that I;/If is lower for
a = 20 pm than for ¢ = 40 pm for all values of ¢;. This
would be consistent with the fact that, at a given ¢pux
and if no vertical overlap is assumed, the 20 pm particles
(smaller but eight times more numerous at equal @pyix)
present greater total cross section to the light than 40 pym
ones, because the volume goes as a® but the cross section
as a®.

In the inset of Figure 3 we can see the values shown
in Figure 3 for ¢pux = 0.2 divided by the corresponding
ones for ¢pu = 0: the ratio is approximately constant for
both particle sizes over all values of ¢;.

From the figure one can infer that the resolution in
the determination of ¢ decreases as c¢ increases, because
the slope of I;/Ief with ¢; decreases.

This can be also observed in Figure 4, where the vari-
ation of Iorm,; (as defined in Sect. 2.2) with ¢; is shown.
There is a crossover near Inorm,; ~ 0.5(c ~ 0.8) for which
the relative transmissivity for the three data series shown
in Figure 3 is inverted.

The reader should have in mind that the normalization
yielding Inorm (Eq. (4)) is performed separately for each
of the datasets shown in the figure.

5 Concentration maps and profiles

Figure 5 shows maps of ¢(z,y) (determined from the im-
ages of I(z,y) following the procedure explained in
Sect. 2.2) in the light calibration measurement, with the
cell saturated with ¢; = ¢pax = 2.0 g/L, for ¢pux = 0 (o),
¢puk = 0.2 (e = 20 pm) (A) and ¢pux = 0.2 (a = 40 pm)
(0). One can observe the appearance of a spatial corre-
lation for ¢pyk = 0.2 (more pronounced for a = 40 pm),
probably due to suspension microstructure affecting light
transmission. A measure of the correlation length in the
maps provides the length scale [, above which ¢ becomes
stationary and thus the one above which ¢ can be represen-

tatively determined by the wuse of this technique
(cf. Sect. 2.3). In the bottom-right subfigure we plot the
correlation functions (c(xo,yo) c¢(xo, Yo + Ay)) (where Ay
is the correlation lag and an ensemble-average is performed
over all possible starting positions xg, yo) for the data
series shown and fit them by decreasing exponentials to
estimate /s from the characteristic decay length of the ex-
ponential.

This procedure yields [, = 72 pym for ¢ = 20 pm and
lg = 101 pm for a = 40 pm, while no correlation is ob-
served for ¢pux = 0.

Figure 5 shows the variation of ¢ averaged in the width
of the cell {c(z,y))y/cmax as a function of the longitudinal
position in the cell (distance from the inlet) for ¢ = 270 s
(aprox. 1/3 of the cell volume injected) in a displacement
experiment with 40 pum particles (¢pux = 0.2) or without
particles (¢pux = 0).

The lines represent a fit over the data points with the
solution of the ADE equation for a fixed time and varying
position z in the direction of the flow. From the plot we
can see that the variation of (c(z,y)), with z is well rep-
resented by this solution in both cases. Also this variation
is steeper for ¢y = 0.2 implying a lesser degree of solute
dispersion.

Finally from these profiles we can estimate the charac-
teristic length scale of solute spatial variation I. to be O
(cm), thus much greater than l5 which was of O (102 pm).
This supports the validity of the technique used
(cf. Sect. 2.3), because at the scale l. characterizing the
solute variation, the influence of the spatial fluctuations

of ¢ can be satisfactorily assumed to be smoothed-out
(Fig. 6).

6 Solute dispersivity

In this section we present the results concerning the mea-
surement of the solute dispersion coefficient D and dis-
persivity Iq as a function of Peg and a. As explained in
Section 2.4, the choice of Pegs and ¢,k was made in view
of the results of Roht et al. [15], that found a decrease of
D in the presence of particles only for ¢pui > 0.15 and
Pey, > 300, while for ¢pur < 0.15 and for Pegs < 300,
D(¢ppuik > 0) equaled D(¢pyx = 0) within the experimen-
tal error.

On the other hand, for Pes > 500, measurements
yielded solute concentration time variations c(x,y,t) that
weren’t in agreement of the ADE solution, showing a pre-
dominant advective (non-diffusive) behavior in which it
was not possible to define a dispersion coefficient.

Figure 7 shows the variation of D as a function of
Peg for ¢pux = 0 and ¢pux = 0.2 (¢ = 20 pm and
40 pm). While no clear trend is observed for Peg = 350,
for Pes = 400 and 450 a decrease of D is observed in the
presence of particles in the flow (¢pux = 0.2) with respect
to ¢pux = 0: this decrease is more pronounced for the
smaller particles and for increasing Pe.

The discrepancy between the theoretical prediction for
the infinite parallel-plate configuration and our measure-
ments (both for ¢ = 0) may be due to the finite ratio
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I I I 1
200 400 600 800

Lag Ay (pm)

Fig. 5. Maps of measured ¢(z, y) /cmax obtained with the cell saturated with ¢; = ¢max = 2.0 g/L. (0): ¢puik = 0; (A): Ppuix = 0.2,
a =20 pm, ; (O): a = ¢pux = 0.2, 40 pm. White: ¢/cmax = 0.7; black = ¢/¢max = 1.1. The linear size of each map is 3 cm.
Bottom-right: spatial correlation functions in the direction y for the three cases (symbols), with a decreasing exponential fit for
each (full lines). The correlation appearing for ¢pukx = 0.2 is presumably due to how suspension microstructure (cf. Sect. 2.3)
modifies light transmission. The characteristic decay length of the exponential yields an estimate for s in the order of 10? ym.

Correlation functions for direction z show a similar behavior.

between fracture aperture and width (which has been
shown theoretically [30] to increase the value of D rela-
tively to the infinite parallel-plate configuration).

We intend to make the trend evident by plotting the
values of D for ¢pux = 0.2 divided by those for ¢py = 0
in Figure 8, where it can be observed that for ¢ = 20 ym
the relative decrease may reach 25%, while for ¢ = 40 pum
the decrease is always lower than 10%. Roht et al. [15]
showed that the magnitude of this decrease, for fixed a,
may increase with increasing ¢pyx-

Figure 9 shows the solute dispersivity I; = D/U as a
function of Peg for ¢pux = 0 and ¢pux = 0.2 (a = 20 pm
and 40 pm). As a reference, we plot a linear fit over data
for ¢puk = 0 as suggested by equation (2), the slope of
this fit is 0.0003 cm which yields an estimated value of
d of 0.0063 cm that is of the order of magnitude of the
measured cell aperture (see Sect. 2.4). This linear refer-
ence allows one to visualize the gap between behaviors for
d)bulk = 0 and ¢bulk =0.2. Having in mind that particles
introduce a second characteristic length-scale in the phys-

ical system under study, one could have expected a linear
behavior in the dispersivity with a different slope (related
not only to the cell aperture but also to the particle size
(cf. Eq. (2)), but data points for ¢pux = 0.2 and in par-
ticular those for ¢ = 20 pm hardly follow such a trend.

It has been demonstrated theoretically [31] that, in
a flow of a colloidal suspension, the mean particle ve-
locity might be higher than fluid one because, due to a
finite-size exclusion effect, the (finite-sized) particles can-
not sample the slowest flow lines. This result by other
author shows that the appearance of a second character-
istic length might indeed modify the solute dispersivity by
affecting the flow properties.

7 Discussion and conclusions
A light transmission technique for measuring solute con-

centration in suspension flow was studied and character-
ized.
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Fig. 6. Variation of (c(z,y))y as a function of the longitudinal
position in the cell (z) (distance from the inlet) in a displace-
ment experiment with Pes = 450 (U = 0.0514 cm/s). The
profile corresponds to a time = 270 s, when approx. one third
of the cell volume of transparent suspension (or fluid) has been
injected. (0): ¢bux = 0. (O): dpuk = 0.2, a = 40 pm. Thick
and thin line: fits with the solution of the ADE model for (o)
and () respectively. Inset: zoom over datapoints.
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Fig. 7. D as a function of Peg(0): ¢pux = 0, (A): a = 20 pm,
dbuk = 0.2. (O): a = 40 pum, ¢pux = 0.2. The error bars in-
dicate the width of the distribution of D values over (z,y) in
the measurement zone. Dashed line: theoretical prediction for
infinite parallel-plates (¢buk = 0).

The validity of the technique was proposed to be sub-
jected to the condition that the ratio between [ and . (cf.
Sect. 2.3) is small enough so that a representative value
of I,orm could be explicitly related to each pattern solute
concentration ¢; at fixed ¢pyx and a.

This condition was shown to hold in our experiments.

The results of the miscible displacement experiments
between a coloured and a transparent suspension, for vary-
ing a and Peg, show that the decrease of D and l4 in the

1.1
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Fig. 8. D divided by D (¢bux = 0) as a function of Pes.
(0): ¢puik = 0 (as a reference). (A): a = 20 pm, ¢pux = 0.2.
(0): a =40 pum, ¢pux = 0.2. For clarity we don’t include the
error bars in this figure. The difference between the values for
Gbuik = 0, Pbuik = 0.2 (a: 20 ,urn) and ¢buk = 0.2 (a =40 ,um)
increases as Peg increases, with a clear trend.
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Fig. 9. Dispersivity ls as a function of Pes. (0): ¢puk = 0.
(A) a = 20 pm, gzﬁbulk = 0.2. (\:‘) a = 40 pm, d)bulk = 0.2.
Line: linear fit over (o) following equation (2).

presence of particles in the flow is less pronounced for the
larger particles.

With the definitions of Section 1.2 and using the val-
ues of the parameters corresponding to our experiments
(o =16 cP,a=2o0r4 x107° m, ¥ = Upax/(d/2) =
3.6 L/s, T =293 K, pgp = 1.05 g/cm?3) we can estimate
Péclet and Reynolds numbers based on the particle size
as Pe, = 2.18 x 10° and Re;, = 0.0067 (¢ = 20 pym) and
Pe, = 1.74 x 105 and Rep, = 0.026 (@ = 40 pm).

In these conditions, inertial and Brownian effects can
be reasonably neglected for both particle sizes and hy-
drodynamic interactions are predominantly viscous. The
physical reasons of the modification of D in the presence
of particles should be sought mainly in the fact that the
latter affect the flow velocity field.
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The transition (or entrance) length L required to at-
tain a steady state velocity profile due to particle mi-
gration in the flow of a suspension can be obtained by
scaling laws [20]. These laws predict that L/(d/2) scales
as ((d/2)/a)?. Taking L as the distance from the inlet
to the measurement zone used for analyzing our experi-
ments, then L/(d/2) is of order O(10%) while ((d/2)/a)?
is of O(10%), so the steady state for the suspension ve-
locity profile can be considered attained. The choice of
the measurement zone complies then simultaneously that
the Taylor regime for the solute dispersion (cf. Sect. 3),
and the steady state of the suspension velocity profile, are
both a priori achieved. However, it is plausible to assume
that the variation of the velocity profile, which is parabolic
at the inlet and progressively flattens along the longitu-
dinal axis of the cell, until the steady state is attained,
might in turn affect the conditions of achievement of the
Taylor dispersion regime. Nevertheless, the comparative
scaling of the characteristic time of diffusion in the gap
7q4 = (d/2)?/ Dy, and that of solute advection 7, = X, /U
would seem to be unaffected, provided the mean velocity
U remains unchanged (in our experiments performed at
constant flow rate this is the case).

The scaling law also predicts a higher migration rate
(and thus a decrease in the transition length) as a in-
creases.

Theoretical approaches such as the suspension balance
model [20] or diffusive flux one [21] were able to predict the
variation of the profiles of ¢y and of the velocity across
the cell for varying ¢pu. In particular, an increase of ¢
and a blunting or flattening of the velocity profile in the
center of the cell aperture has been predicted numerically
and verified experimentally [2].

The theories mentioned before do not describe the vari-
ation of the velocity profiles with a. However, results of
Stokesian dynamics numerical simulations ([20], Sect. 4.2)
showed that, as d/a ratio increases while ¢pyi is kept
constant, the suspension velocity profile becomes more
blunted.

On the other hand, in other types of flow such as that
of a shear-thinning fluid (with no particles), it has been
shown analytically and experimentally [32,33] that the
flattening of the velocity profile implied a decrease of the
dispersion coefficient D, mainly because the velocity gra-
dient perpendicular to the main flow direction is reduced,
and transverse diffusion, which is driven by this gradient,
is less efficient.

In this order of ideas, the decrease of D for ¢y = 0.2
with respect to ¢purx = 0 measured in our experiments
would be consistent with the flattening of the velocity
profile due to particle migration to low shear zones. With
this in mind, our observation that such decrease is greater
for smaller particles may be related to the numerical pre-
diction that as a decreases, while d is kept constant, the
velocity profile is more flattened and the velocity gradient
across the cell is reduced. On the other hand, a dispersive
effect, driven by the particle irregular motion resulting
from multiparticle interactions, and scaling as a?¥, would
impart an additional dispersive effect to the solute as well,
to an extent that would be greater for the larger particles.

Under this assumption, there would be a competition
of the flattening of the velocity profile and this latter
effect, the results presented here implying a stronger in-
fluence of the former one.

We find no theoretical explanation for the pronounced
increase of the gap between D for ¢px = 0.2 and for
opbuk = 0 with increasing Peg, since, as explained above
in this section, Re, is in all cases small and inertial effects
should be negligible.

The results presented here are first results that derive
as an application of a new experimental technique; further
studies using a wider range and a more dense sampling of
particle sizes and particle volume fractions should be con-
ducted to establish a definitive trend of how the particle
size influences solute dispersion. Also studies at the par-
ticle scale may shed light on the precise influence of the
particle finite size on the suspension steady state velocity
profile.
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