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Abstract

This paper discusses two series of experiments performed in a shear cell device with six different amounts of silicone oils and using
2-mm soda lime beads as the granular materials. The first series of experiments were mixing experiments, and the developments of mixing
layer thicknesses were measured. The second series of experiments had the same experimental conditions as the first series but used
different combinations of colored particles. In the second series of experiments, the motions of granular materials were recorded by a
high-speed camera. Using the image processing technology and particle tracking method, the positions and velocities of particles were
measured. The self-diffusion coefficient could be found from the history of the particle displacements.

The measured mixing layer thicknesses are compared with the calculations from a simple diffusion equation using the data of apparent
self-diffusion coefficients obtained from the current measurements. The comparisons show good agreements, demonstrating that the mix-
ing process of granular materials occur through the diffusion mechanism in this cohesive sheared flow. In addition, the apparent self-
diffusion coefficient decreases with the increasing liquid volume, indicating that cohesive effect between particles reduces granular mixing.
� 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Powder mixing has economical importance in many
industries, such as pharmaceuticals, food products, ceram-
ics, plastics, detergents, powder metallurgy, chemicals etc.
For most industrial applications a better mixing process
could tremendously increase the quality and the value of
product. Although powder mixing is regarded as a key pro-
cess, the topic has received much less attention than fluids
(Ottino and Khakhar, 2000).

In order to have better design for powder mixing, the
fundamentals of granular mixing and the mechanism of
the process need to be studied. The rate of the mixing pro-
cess and the achievable homogeneity are seriously influ-
enced by the mixing mechanism (Gyenis, 1999). Lacey
(1954) had pointed out three mixing mechanisms of dry
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granular materials: (i) convective mixing – the transfer of
larger particle groups from one location to another, (ii) dif-
fusive mixing – the distribution of particles over a freshly
developed surface, and (iii) shear mixing – the development
of slipping planes within the grain packing. From several
experimental studies, it has been demonstrated that the
mixing process occurred through a diffusion mechanism
in different transport devices (Scott and Bridgewater,
1976; Hwang and Hogg, 1980; Buggish and Löffelmann,
1989; Zik and Stavans, 1991; Hsiau and Hunt, 1993a; Hunt
et al., 1994; Natarajan et al., 1995; Hsiau and Shieh, 1999;
Hsiau et al., 2005). Computer simulation, a powerful tool,
was also employed to study the mixing behaviors in differ-
ent granular flow systems. Cleary et al. (1998) delivered a
simulation study of granular mixing to demonstrate that
the amount and nature of the mixing was quite sensitive
to a range of physical properties. Henrique et al. (2000)
used computer simulation to examine the influence of gran-
ular temperature gradient on the mixing condition.
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However, the existence of a small amount of interstitial
fluid in the powder system may cause another degree of
complexity due to the cohesive forces between particles in
addition to the core repulsive force and the force of friction
in a dry granular matter. It is well known that the increase
in repose angle may result from the presence of interstitial
fluid in a powder system (Tegzes et al., 1999; Halsey and
Levine, 1998; Mason et al., 1999). The interstitial fluid also
influences the powder percolation, and the powders tend to
behave as clumps rather than individual grains. When the
particles contain slight amount of water, they would gather
together and hinder the movements by themselves. Ambi-
ent humidity, for instance, causes serious disruptions by
creating clumps of particles that are more or less mobile.
We know from common experience that wet sands could
be fairly cohesive, whereas dry sands crumble apart readily.
Due to the appearance of the liquid bridge between parti-
cles, the capillary force should be considered as an impor-
tant force affecting the motion behaviors of the granular
system. Calculating the capillary force that keeps two wet
spheres in contact is far from trivial. Several methods have
been proposed to avoid the difficulties associated with solv-
ing the Laplace–Young equation (Erle et al., 1971; Lian
et al., 1993).

In past decade, the interesting effect of cohesion between
grains has intrigued researchers to investigate the mixing of
cohesive particles. In many instances, the cohesive nature
of a powder sample is a prime factor causing difficulties
in powder flowability resulting in, for example, channeling
and defluidization in combustion/feeder systems. The mix-
ing and transport properties are influenced seriously by the
amount of moisture added in the granular flow. If the par-
ticles are wet, the flow becomes more viscous and liquid
bridges form between particles. The dynamic liquid bridge
forces are considered as cohesive forces between particles
to restrict particle movements. The cohesive forces make
the particles stick together with each other and hamper
the movement of particles.

McCarthy et al. (2000) used computation simulation to
analyze particle mixing in different geometrical drums and
discovered that the liquid bridge forces between particles
may increase mixing. Nase et al. (2001) modeled cohesive
forces among particles and explored the cohesive strength.
Based on the physical picture of liquid-induced cohesion,
they proposed two discrete characterization criteria. Hsiau
and Yang (2003) found that mixing rate might be increased
by adding very little amount of moisture into a vibrated
granular bed. Similar findings in drums were mentioned
by McCarthy (2003). Jain et al. (2004) introduced Granular
Capillary Number, a ratio of the capillary force to the drag
force, to computationally test over a range of cohesive
strengths in gas–solid flows.

The Couette granular flow is considered as one of the
simplest flow models and very suitable for fundamental
research. Hsiau et al. (2005) experimentally studied particle
mixing in a shear cell using cohesionless soda lime beads
and demonstrated that the mixing processes occurred
through a diffusion mechanism. Li and McCarthy (2006)
extended their previous theoretical arguments for pseudo-
static particle systems to sheared granular flows and devel-
oped phase diagrams to predict cohesive particle mixing/
segregation. This paper tried to study the mixing of wet
sheared granular flows in a Couette shear device to under-
stand the mechanisms of granular mixing. The results of
experiments are compared with calculations from the diffu-
sion equation.

2. Experimental setup and technique

In this study, all the experiments of granular motion are
performed in a shear cell as shown in Fig. 1. The Couette
shear cell is the same as the one we used in our earlier mix-
ing experiments (Hsiau et al., 2005). It is composed of an
upper disk, a bottom disk and a motor. The bottom disk,
with outside diameter of 45.00 cm, is driven by a 3 hp ser-
ver motor. The rotation speed was controlled by a server
motor. The bottom disk was made of plexiglass for the pur-
pose of observation. An annular trough with inside diame-
ter of 31.67 cm, outside diameter of 42.02 cm and depth of
4.5 cm was cut in the bottom disk. A stationary upper disk
could be inserted into the trough where the granular mate-
rials were put in the test section. The height of the test sec-
tion 2h could be adjusted by moving the upper disk and be
measured by a dial indicator.

We used the soda lime beads, with an average diameter
dp of 2 ± 0.09 mm and particle density of 2508 kg/m3, as
granular materials in the experiments. The soda lime beads
were specially manufactured as very spherical balls with
very smooth surface quality. There were two series of
experiments in this study. For the first series of experi-
ments, the mixing experiments, the same particles but with
different colors are initially arranged in the top–bottom
organization (top: white; bottom: black) to investigate
the mixing behavior of granular materials. The total gran-
ular mass was 2.0 kg with a half in black and a half in
white. The average solid fraction of the tested granular
materials is calculated from the total particle mass divided
by the particle density and the test section volume. The
shear cell was fixed at a channel height (2h) of 2.16 cm,
so that the average solid fraction of the test channel was
a constant, 0.6163. With this solid fraction, the granular
flows were very dense and had serious contacts with the
upper wall. A layer of 3 mm soda lime beads was adhered
to both the bottom and the top surfaces, in a random pack-
ing organization. Fig. 2 shows the image of initial situation
of particles in the channel for the mixing experiments.

This paper intends to investigate the effect of adding lit-
tle amount of liquid on the mixing behavior. The silicone
oil, with density of 950 kg/m3, surface tension of 2.04 �
10�2 N/m and viscosity of 50 cs (centi-stoke, cm2/s), was
added to the soda lime beads with little amount. Before
each test, a certain amount of silicone oil and test particles
were weighed by an electronic scale with an accuracy of
0.001 g. The silicone oil and the particles were put into a



Fig. 2. Image of initial situation of particles in the channel for the mixing
experiments.
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Fig. 1. The schematic drawing of the experimental Couette shear device.
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sealed jar. The sealed jar was shaken to mix the silicone oil
and particles. The wet particles were then put into the test
section of the Couette shear device. We also measured the
weight of the sealed jar and the residual silicone oil, which
coherences the sealed jar. The accurate values of the masses
and volumes of silicone oil and particles, which were put in
the shear cell could be calculated. The dimensionless liquid
volume V* is defined by the volume of the silicone oil,
added to soda lime beads, divided by the summation of
the volumes of adding silicone oil and of the total soda lime
beads. The current study used the dimensionless liquid vol-
ume as the controlling parameter with V* = 0, 1.3 � 10�4,
2.5 � 10�4, 6.5 � 10�4, 1.3 � 10�3and 2.5 � 10�3.

The granular flow in the test section is assumed to be
two-dimensional with streamwise (horizontal) direction as
x-axis and transverse (vertical) direction as y-axis (upwards
is positive). Because of the limitations on observation, only
the flows adjacent to the outer surface of the annular trough
in the bottom disk could be recorded and analyzed. The
inner surface was cleaned and polished before each experi-
ment to reduce the wall friction effect. The velocity at the
bottom (outside lower corner of the trough) u0 could be cal-
culated from the product of the rotational speed of the bot-
tom disk and the outside radius of the trough. In our
previous study (Hsiau et al., 2005), five bottom wall veloc-
ities u0, 0.66 m/s (30 rpm), 0.88 m/s (40 rpm), 1.10 m/s
(50 rpm), 1.32 m/s (60 rpm) and 1.54 m/s (70 rpm), were
used to investigate the mixing process in a shear cell. In this
study, the bottom wall velocity u0 was chosen as 1.32 m/s in
all experimental tests since the mixing phenomenon is obvi-
ously under this bottom wall velocity. From our prelimin-
ary experiments, the granular flow can be assumed as
two-dimensional with negligible radial movements for this
bottom wall velocity.

A Kodak motion corder analyzer, with highest speed of
10,000 frames per second, was used to record the mixing
process. The frame rate of 500 frames per second, with spa-
tial resolution of 128 � 120, was used in this study. The
recorded images were digitized to gray levels, ranging from
0 to 255 due to the different colors of the black and the
white particles, and stored in a computer file. The test sec-
tion was divided into 10 regions along the transverse direc-
tion. Using image processing, the concentrations of white
particles C(t) in each region were determined. Fig. 3 sche-
matically shows the development of mixing layer with time.
The symbol of y denotes the vertical coordinate and y = 0
indicates the center of the channel. The mixing layer thick-
ness d(t) is defined from the width with concentrations
ranging from 0.05 to 0.95. The symbols d1(t) and d2(t)
denote the thicknesses of the mixing layers in the upper
and the lower parts, respectively.

To investigate the diffusion process, the velocities, fluctu-
ation velocities and self-diffusion coefficients were also deter-
mined from the second series of experiments by different
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combinations of colored particles: The white particles
(15%) served as tracer particles were mixed uniformly with
black particles (85%). All the experimental settings were the
same as the mixing experiment (first series of experiments),
except for the amount and arrangement of colored parti-
cles. In order to measure the velocities of particles, the
auto-correlation technique was employed to process the
stored images and to decide the shift of each tracer particle
in every two consecutive images. The details of the auto-
correlation technique can be referred to our previous paper
(Hsiau and Shieh, 1999). The idea of a ‘‘periodic cell” used
in computer simulation was introduced in Hsiau and
Shieh’s experiment.

The test section was also divided into 10 regions in this
series of experiment. By averaging about 250 tracer parti-
cles’ velocities from approximately 8500 frames, the overall
average velocities in horizontal and vertical directions, hui
and hvi, in each region were determined. The fluctuation
velocities in the two directions, hu02i1=2 and hv02i1=2, for each
region were defined by the mean square root of the devia-
tions of each local velocity from the overall average veloc-
ity. The granular temperature T was used to quantify the
kinetic energy of the flow, and could be calculated from
the average of the mean square of the fluctuation velocities
in two directions:

T ¼ hu
02 þ v02i

2
ð1Þ

Since the current study followed the auto-correlation tech-
nique developed by Hsiau and Shieh (1999) which consid-
ered the correlation values of gray level derivatives, the
experimental errors of the velocities were reduced to within
1.5%.

The velocity fluctuations induce the self-diffusion in
granular shear flows. Einstein (1956) first employed this
concept to analyze the diffusive phenomena of suspended
particles with Brownian motion in a liquid. This idea was
also used by Savage and Dai (1993) and by Campbell
(1997) to investigate the diffusive behavior of granular flow
systems through computer simulation. The self-diffusion
coefficient Dij was defined as

lim
t!1
hDxiDxji ¼ 2Dijt ð2Þ

where Dxi and Dxj are the diffusive displacements in direc-
tions i and j. A similar concept was employed in experi-
ments by Natarajan et al. (1995) to study the granular
self-diffusion in a 1-m-high vertical channel, and by Hsiau
and Shieh (1999) to study the diffusion in a shear cell. In
order to obtain longer histories of particle movements in
a Couette device through a small camera window, the idea
of ‘‘periodic cell” used in computer simulation (Campbell
and Brennen, 1985) was proposed for application in exper-
iments by Hsiau and Shieh (1999). In the periodic cell used
in computer simulation, when a particle leaves the cell, a
new particle with the same velocity will be set at the same
transverse position in the cell inlet. Employing this idea to
this experiment, when a tracer particle moved out of one
image, the time counter for this particle paused until an-
other tracer particle entered the cell inlet with the same
channel height and the same velocity as the previous tracer
particle. The path of this new tracer particle from the image
inlet was then treated as the continuous movements of the
former tracer particle. Details can be found in the paper by
Hsiau and Shieh (1999), and the current study follows the
same approach. Since the current mixing experiments were
mainly related to the diffusion in the transverse direction,
we only evaluated the transverse diffusion properties in this
study. The mean square diffusive displacements in the
transverse direction hDy � Dyi were averaged from about
200 tracer particles taken from 6000 to 9000 frames. The
experimental errors resulted mainly from the uncertainty
in determining the centroid of a particle. The errors of dif-
fusion coefficients Dyy were estimated within 5%.
3. Results and discussion

3.1. Velocity

Fig. 4a shows the averaged velocity distributions of par-
ticles in the shear cell with different dimensionless liquid
volumes. Please note that y/h = 1 and �1 denote the upper
and bottom walls, respectively. Since in the channel there is
no bulk motion in the transverse direction, so the measured
vertical velocities, hvi, are very close to 0 as expected. The
streamwise velocity, hui, decreases with the channel height,
and the shear rates are larger in the upper channel. For the
influence of liquid amount added into the system, Fig. 4a
shows that the streamwise velocity is greater for the wetter
case, consistent with the results of Yang and Hsiau (2005).
From the velocity profiles, there exists a ‘‘solid-like region”

in the lower half of the channel with faster and more uni-
form streamwise velocities and a ‘‘fluid-like region” in the
upper section with larger shear rate (Zhang and Campbell,
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1992; Hsiau and Yang, 2002). From Fig. 4a, the values of
the shear rate in the fluid-like region is lower for the case
with greater moisture content, V*, since the wetter particles
(greater V*) have greater cohesive forces between particles
resulting in a lower velocity gradient. The energy of flow is
highly dissipated due to the frictional forces, viscous force
and cohesive force between particles, in a wet granular flow
system. It indicates that the cohesive effect between parti-
cles inhibits particle mixing seriously.

The fluctuation velocity distributions, hu02i1=2 and hv02i1=2,
in the channels for the six cases are shown in Fig. 4b. The
fluctuations are not isotropic with the greater values in the
streamwise direction. The explanation for this anisotropic
phenomenon can be found in Hsiau and Shieh (1999).
Due to the increasing shear rate (dhui/dy) with channel
height indicated in Fig. 4a, the fluctuations in both direc-
tions also increase with the channel height, as shown in
Fig. 4b. The effect of the moisture content on the fluctua-
tions is significant. Both the streamwise and transverse fluc-
tuation velocities are smaller for the wetter flow (higher V*).
The streamwise and transverse fluctuation velocities along
the upper wall with zero moisture content (V* = 0) are about
two times and three times of those with moisture content of
2.5 � 10�3. The deviation is mainly due to the different shear
rates generated in different moisture conditions. With the
greater viscous and liquid bridge forces between particles
in the wetter granular flows, the flow motions are more
restricted and the fluctuation velocities of the wetter granu-
lar flows are smaller.

3.2. Mixing and apparent diffusion coefficient

In this paper, the top–bottom initial loading pattern is
used to investigate the particle mixing in the shear cell.
Thus, the test section is also divided into two regions, the
upper channel (y > 0) and the lower channel (y < 0). To
examine the influence of V* on the development of the mix-
ing layers, the symbols in Fig. 5 shows the developments of
the mixing layer thickness with time for the six tests with
different liquid volumes. It is clear that the mixing layers
expand with time and develop faster in the initial stages.
The mixing layer thicknesses of the upper channel, d1, are
slightly greater than those of the lower channel, d2. It is
due to the higher fluctuations in the upper fluid-like region
resulting in the higher mobility of particles for mixing.
Moreover, the influence of the adding liquid amount on
the development of mixing layer is significant. From this
figure, the mixing layer thicknesses are greater for the dryer
cases. For the dryer system containing lower liquid con-
tent, the particle fluctuations are higher, promoting the sys-
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tem mixing, and hence the mixing layer development
becomes faster.

Under the high solid fraction condition: 0.6163, particle
collision is dominant to decide particle movement. In fact,
the dominant mechanism affecting the flow behavior of
granular materials is the random motions of particles
resulting from the interactive collisions between particles
(Campbell, 1990). Diffusive mixing is caused by the ran-
dom motion of the individual particles, and granular mix-
ing is mainly resulted from the diffusive motions of
granular materials in the shear cell (Buggish and Löffel-
mann, 1989). Because of the top–bottom organization of
different-colored particles, the particle mixing mostly
occurred in the vertical direction. Assuming one-dimen-
sional diffusion in the shear granular flow, the diffusion
equation can be expressed as

oC
ot
¼ o

oy
Dyy

oC
oy

� �
ð3Þ

where C and Dyy are the concentration of white particles,
and the transverse self-diffusion coefficient. With our top-
white/bottom-black particle initial organization, the initial
conditions for Eq. (3) can be set as: C = 1 when t = 0,
y > 0; and C = 0 when t = 0, y < 0. From Fig. 5, the
growths of mixing layer thicknesses become relatively slow
after a certain time. Even with longer observation of the
mixing process up to a half hour, the mixing layer cannot
reach the boundary walls. Thus it is reasonable to assume
the boundary conditions for the above equation as:
C ? 1 as y ?1; and C ? 0 as y ? �1. The transverse
self-diffusion coefficients Dyy is actually varied with the
height of the channel and will be investigated later. Here
we define apparent self-diffusion coefficients, Dapp,1 and
Dapp,2, to respectively denote the ‘‘averaged” self-diffusion
in the upper and lower channels. For simplicity to derive
the analytical solution to the first order, Dyy in Eq. (3)
can be assumed as constants, Dapp,1 and Dapp,2, to explore
the bulk mixing behavior in the upper and lower channels.
Then we can solve Eq. (3) for the upper channel, y P 0,
and lower channel, y 6 0 with one additional boundary
condition by assuming C ? 0.5 at y = 0. The analytical
solutions are:

Cðt; yÞ ¼ 1

2
þ 1

2
erf

y

2
ffiffiffiffiffiffiffiffiffiffiffiffiffi
Dapp;1t

p
 !

ðfor upper channelÞ ð4Þ

Cðt; yÞ ¼ 1

2
� 1

2
erf

y

2
ffiffiffiffiffiffiffiffiffiffiffiffiffi
Dapp;2t

p
 !

ðfor lower channelÞ ð5Þ

Next we use the definition of mixing layer thickness in the
experiments, C = 0.95 at y = d1 and C = 0.05 at y = �d2,
that gives

d1 ¼ 2:53
ffiffiffiffiffiffiffiffiffiffiffiffiffi
Dapp;1t

p
ðfor upper channelÞ ð6Þ

d2 ¼ 2:53
ffiffiffiffiffiffiffiffiffiffiffiffiffi
Dapp;2t

p
ðfor lower channelÞ ð7Þ

The fitted curves in Fig. 5 are the results of least-squares fits
using the forms of Eqs. (6) and (7), indicating close corre-
spondence with the experimental data. The deviations
between fitted curves and experimental data are mainly
due to the assumption of constant self-diffusion coefficients
in the upper and lower channels employed in the diffusion
equation.

The values of the apparent diffusion coefficients can be
determined from the fitted curves, Eqs. (6) and (7), from
Fig. 5. The apparent diffusion coefficients are plotted
against the dimensionless liquid volume both in the upper
and lower channels in Fig. 6. The results show that the
increase of liquid volume in granular system causes the
decrease of Dapp, i.e., the worse mixing. The apparent
self-diffusion coefficient also has greater values in the upper
channel than in the lower channel, denoting a better mixing
in the upper channel where the mixing layer thicknesses are
thicker. The apparent self-diffusion coefficient Dapp derived
from the above means is an appropriable index to describe
the bulk granular mixing condition in the shear cell.

It is interesting to discuss more about the mixing grow-
ing rate. All curves in Fig. 5 show that the mixing layer
thicknesses in both upper and lower channels develop
much faster in the beginning stages, and then grow
smoothly. We can estimate the mixing growing rates by dif-
ferentiating the mixing layer thicknesses (d1 and d2) with
respect to time, according to the experimental data in
Fig. 5. Fig. 7a, b show the mixing growing rates of the
upper and lower channels plotted against time for the dif-
ferent tests. It demonstrates that the mixing rates are faster
in the initial stage. The mixing rates in the upper channel
(Fig. 7a) are greater than those in the lower channel
(Fig. 7b) since the fluid-like behavior of the granules in
the upper channel promote the granular mixing. One most
important conclusion from Fig. 7a, b is that the mixing
growing rates of the dryer cases are higher than those of
the wetter cases.
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Granular temperature is defined as the mean square of
fluctuation velocities in three directions. It physically
denotes the specific kinetic energy of granular system and
plays a similar role as temperature in general gases. The
mixing in granular flow is related to the diffusive motions
which influenced by particles’ random motions. Thus, the
mixing status and diffusive motions of granular materials
are related to the granular temperature. Fig. 8 shows the
apparent self-diffusion coefficients plotted against the
square root of the average granular temperature in the ver-
tical direction, T 1=2

y ; T y ¼ hv02i, in the upper and lower
channels, where the granular temperatures are measured
from all the tests with different liquid contents. From the
Ty
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Fig. 8. The apparent self-diffusion coefficients versus the square root of
the average granular temperature in the vertical direction, T 1=2

y , in the
upper and lower channels.
symbols which represent different liquid contents, both
the square root of transverse granular temperatures T 1=2

y

and apparent diffusion coefficients Dapp increase with the
decrease of liquid amount. The trends have already demon-
strated in Figs. 3b and 5. One important finding is that the
apparent diffusion coefficient Dapp increases linearly and
significantly with the square root of the vertical granular
temperature in the upper and lower channels. From the
development of dense-gas kinetic theory by Hsiau and
Hunt (1993b) and Savage and Dai (1993), this linear depen-
dence relation was also indicated, although there was an
assumption of isotropic granular temperature.

Hsiau and Yang (2002) demonstrated that the granular
temperature and the diffusion coefficient are mainly influ-
enced by the shear rate along the (upper) wall. The values
of shear rates along the upper wall could be determined by
extracting data of horizontal velocity distributions in
Fig. 4a. The apparent self-diffusion coefficient of the upper
channel were plotted against the shear rate along the upper
wall, hdu/dyiw, with different V* in Fig. 9. The value of the
shear rate is greatest in the test with dry granular materials.
Since the higher shear rate induces stronger fluctuations
and diffusion hence the greater apparent self-diffusion coef-
ficient, as shown in Fig. 9. The apparent diffusion coeffi-
cient shows a good linear correlation with the shear rate.
3.3. Self-diffusion coefficient

Eqs. (4)–(7) are the solutions of diffusion equation, Eq.
(3), based on constant-diffusion-coefficient assumption.
However, Hsiau and Shieh (1999) and Hsiau and Yang
(2002) demonstrated that the self-diffusion coefficient was
varied with the height. Following the particle tracking
method employing periodical-cell idea developed by Hsiau
and Shieh (1999), we measured the transverse self-diffusion
coefficients Dyy for all the tests, but using different initial
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setting of colored soda lime beads. Fig. 10 shows the distri-
butions of the transverse self-diffusion coefficient in the test
channel with V*. The self-diffusion coefficients in the upper
region (y > 0) are much greater than those in the lower
channel (y < 0). In the lower channel, the variations of
Dyy with channel height are not significant. Resulted from
the gravity effect, the particles in the lower part are pressed
by greater gravitational force from the upper particles and
behave as solid-like and the granular structures are denser.
In the upper channel, from Fig. 4a, b, there exist greater
fluctuations and shear rates which induce the stronger dif-
fusion. Fig. 10 also demonstrates that the transverse diffu-
sion coefficient Dyy increases with the decreasing V*. With
more liquid added into the system, the flow becomes more
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Fig. 10. The distributions of the experimental transverse self-diffusion
coefficient Dyy with six dimensionless liquid volumes.
cohesive with higher liquid bridge force and viscous force.
The effect retards the random motions of particles and
hence reduces the diffusion of particles (Yang and Hsiau,
2005).

Now we discuss some important dimensionless parame-
ters influencing the wet granular flows. The Granular Bond
Number Bog could be defined as the ratio of the maximum
capillary force Fc and the weight of the particle, W (Nase
et al., 2001):

Bog ¼
F c

W
¼ 2pRc

4
3
pR3qpg

¼ 3c

2R2qpg
ð8Þ

where R is the radius of particle, c is the surface tension of
silicone oil, and qp is the density of the solid. In this study,
R = 0.001 m, c = 2.04 � 10�2 N/m and qp = 2508 kg/m3,
hence the Granular Bond Number is a constant, Bog =
1.24, according to Eq. (8). For Granular Bond Number
greater than 1 (Bog > 1), the cohesive effect becomes impor-
tant (McCarthy, 2003). Besides, the Collision Number Co

could be defined as the ratio of the maximum capillary
force Fc and the collisional force FBg,

Co ¼ F c

F Bg
¼ 2pRc

pqpk
2R4 dhui

dy

� �2
ð9Þ

where k2 is a constant equal to one and dhui/dy represents
the shear rate. The degree of collision could be determined
from the Collision Number which may be calculated by
using the measured shear rate, from Fig. 4a. Fig. 11 shows
the relations of transverse diffusion coefficients Dyy versus
the Collision Number Co. All the data were plotted for dif-
ferent section heights in all the tests with different V*. It
indicates that the transverse diffusion coefficients decrease
with the increase of Collision Number with significantly
correlated relations. In the upper channel with higher shear
rates, the transverse diffusion coefficients are greater
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(Fig. 4a) but the Collision Numbers are smaller (Eq. (9)).
From Fig. 11, the Collision Numbers are smaller than 10
in the upper channel. The power relation of

Dyy / Co�0:44 ð10Þ

was found for the upper channel. However, the decrease of
Dyy with increasing Co remains but not as significant as the
upper channel. The power relation becomes:

Dyy / Co�0:04 ð11Þ

As mentioned earlier, the self-diffusion coefficient from
dense-gas kinetic theory was found to be proportional to
the square root of granular temperature (Fig. 8). From
the study of Campbell and Brennen (1985), the square root
of granular temperature is proportional to shear rate. Since
the above two relations are based on isotropic assump-
tions, so we only use the self-diffusion coefficient and gran-
ular temperature in transverse direction, and find that the
C

c

S
ca

le
d

 H
ei

g
h

t,
 y

/h

0 0.25 0.5 0.75 1

-1

-0.5

0

0.5

1 t = 10sec
numerical solution
t = 20sec
numerical solution
t = 30sec
t = 40sec
numerical solution
t = 50sec
numerical solution
t = 60sec
numerical solution

V* =0
a b

S
ca

le
d

 H
ei

g
h

t,
 y

/h

0 0.25

-1

-0.5

0

0.5

1 t = 10sec
numerical solution
t = 20sec
numerical solution
t = 30sec
t = 40sec
numerical solution
t = 50sec
numerical solution
t = 60sec
numerical solution

Fig. 12. The concentration distributions of both the experimental measuremen
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transverse diffusion coefficient is proportional to shear rate.
With the definition of Collision Number in Eq. (9), the
power relation of

Dyy / Co�0:5 ð12Þ

is demonstrated. Due to some critical assumptions were in-
valid in a practical granular flow, the experimental finding
for the upper channel (Eq. (10)) has little deviation from
the ideal theory. However for the lower channel, the flow
regime belongs to ‘‘solid-like” where the dense-gas kinetic
theory is not able to well describe the flow. Thus the exper-
imental result in Eq. (11) deviates the theoretical relation
very much.

3.4. Concentration profiles

At last, we will present the concentration profiles. We
had solved diffusion equation Eq. (2) by substituting the
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apparent diffusion coefficient. For a much better accuracy,
we may use the experimental measurements of the trans-
verse diffusion coefficients Dyy(y/h) (Fig. 10) and solve
the diffusion equation by the finite difference method.
The initial conditions are the same as the previous ones,
while the boundary conditions are

oC
oy

� �
y¼�h

¼ 0 ð13Þ

since the mass flux through the walls is zero. Hence the con-
centration C(y/h) can be calculated from the finite difference
equations. Fig. 12a–c show the concentration distributions
in the channel at times of 10, 20, 30, 40, 50 and 60 s, from
both the experimental measurements and the numerical
solutions for V* of 0, 6.5 � 10�4, 2.5 � 10�4. Generally, a
perfect mixing condition means that the concentrations in
all levels are 0.5, although this is almost impossible in an
actual situation. Therefore, the smaller concentration gradi-
ent in the channel indicates that the mixture is more homo-
geneous with better mixing conditions. From these figures,
the higher liquid content V* results in a larger concentration
gradient along the height. It indicates that the higher liquid
content V* causes worse mixing in the channel. Fig. 12a–c
also show the deviations between experiments and numeri-
cal results are larger in the central channel, which is due to
the difficulty in determining the concentration accurately in
this region.

The semi-theoretical mixing layer thickness can be cal-
culated by the combination of the numerical solutions of
concentration along the height and the definition of the
mixing layer thickness, as mentioned above. Fig. 13 shows
the semi-theoretical results compared with the experimen-
tal data for the mixing layer thickness non-dimensionalized
by the half channel height. The comparison shows a very
good agreement, indicating that the mixing process of
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Fig. 13. The semi-theoretical results (closed symbols with lines) compared
with the experimental results (open symbols) of the evolution of the
mixing layer thicknesses under six dimensionless liquid volumes.
wet granular materials in the shear cell occurred through-
out the diffusion mechanism.
4. Conclusions

In this paper, the effects of adding liquid into sheared
granular flows on the mixing process and movements of
granular materials were investigated. In the wetter granular
flows where cohesive forces and viscous force exist, the
fluctuations, the shear rates and the self-diffusion coeffi-
cients are smaller. The apparent self-diffusion coefficients,
denoting the averaged self-diffusion coefficients, were
found to increase with the decrease of liquid volume. This
study also demonstrated that the apparent self-diffusion
coefficients linearly increase with the increases of the square
root of transverse granular temperature and the shear rate
along the upper wall.

The self-diffusion coefficient was measured at different
channel height. The semi-theoretical results, by substituting
the measured self-diffusion coefficients into the diffusion
equation, agree well with the experimental data, demon-
strating that the cohesive particle mixing in the sheared
granular flow is governed by the diffusive mechanism.
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