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Experiments were conducted to determine the effect of rotation rate, fill level, and
total number of revolutions on the mixing performance of a V-blender. The experiments
were performed using 66- um red and green glass beads. Mixture uniformity was quanti-
fied after each experiment by infiltrating the mixtures with a binder, and using image
analysis to examine slices of the solidified mixture. The mixing rate (as a function of
total revolutions) was not affected by changing the rotation rate between 8 and 24 rpm.
The mixing rate increased significantly as the fill percentage was decreased from 60% to
40% of the total vessel volume. In a symmetric blender such as a V-blender, the rate of
mixing is limited by the rate of mass transfer across the vessel plane of symmetry orthog-
onal to the axis of rotation. A one-parameter model based on the amount of material
that crossed the plane of symmetry per revolution displayed good agreement with the

experimental data.

Introduction

Mixing of granular materials plays an important role in
many industries ranging from pharmaceuticals to ceramics
and plastics. Mixer types can be divided into two main dis-
tinct categories: convective blenders and tumbling blenders
[for a review of blender types, see Fan et al. (1972, 1990);
Poux et al. (1991)]. While convective blenders involve the use
of a paddle, blade, or screw to stir the powder inside an im-
mobile vessel, tumbling blenders rely upon the action of grav-
ity to cause the powder to cascade within a rotating vessel.
Convective blenders exhibit variations in both blade and bowl
geometries, while tumbling blenders differ mainly in the ge-
ometry of the vessel.

This article seeks to determine the role of various experi-
mental parameters (rotation rate, fill level, mixing time) upon
the performance of a V-blender. The V-blender (also known
as twin-shell mixer or PK blender) is one of the tumbling
mixers most commonly found in industry. It consists of two
hollow cylindrical shells, usually joined at a 75-90° angle. The
mixing vessel is connected to a rotating shaft, causing a tum-
bling motion of the powders as the vessel is rotated. It is used
both in the laboratory as a small-scale product-development
unit and in manufacturing as a large-scale production unit.

Most previous work has involved using the V-blender in a
comparison of several mixer types (Harnby, 1967; Harwood
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et al, 1975; Adams and Baker, 1956; Gray, 1957; Lai and
Hersey, 1981; Williams and Khan, 1973; Carstensen and Pa-
tel, 1977; Chowhan and Linn, 1979; Kaufman, 1962; Wieden-
baum, 1958) or as a vehicle for testing blender efficiency for
various powder characteristics (Harnby, 1967; Harwood et al.,
1975; Adams and Baker, 1956; Gray, 1957; Lai and Hersey,
1981; Williams and Khan, 1973; Carstensen and Patel, 1977;
Chowhan and Linn, 1979; Kaufman, 1962; Wiedenbaum,
1958; Cahn et al., 1965; Chang et al., 1992, 1995; Samyn and
Murthy, 1974). As such, there is little systematic data on V-
blender performance for a single powder constituent under
controlled conditions. The few studies that used the V-
biender as the sole mixer, either looked at means to improve
performance (by altering vessel geometry) (Cahn et al., 1965;
Chang et al., 1992, 1995; Brone et al., 1997) or tested differ-
ent powder types (Samyn and Murthy, 1974) rather than at-
tempting to fully describe the mixing processes occurring
within the V-blender vessel.

It is important to note that most previous work with V-
blenders has used either thief sampling (Lai and Hersey, 1981;
Carstensen and Patel, 1977; Chowhan and Linn, 1979; Kauf-
man, 1962; Widenbaum, 1958; Cahn et al., 1965; Samyn and
Murthy, 1974) or sampling during/after mixer discharge
(Harnby, 1967; Harwood et al., 1975; Chang et al., 1992, 1995)
as the means for determining mixture composition. Thief
sampling has been shown to be unreliable in a number of
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previous studies (Williams and Khan, 1973; Orr and Shotton,
1973; Schofield, 1976; Poole et al., 1964; Carley-Macauly and
Donald, 1962; Gopinath and Vedaraman, 1982; Gayle et al,,
1958; Masiuk, 1987; Berman and Planchard, 1995; Muzzio et
al., 1997) and it only affords a limited amount of information
about mixture properties. If mixing is characterized by sam-
pling the mixture during discharge, it is impossible to deter-
mine whether the discharged samples are truly indicative of
the mixture quality within the blender or if they are affected
by mixing/demixing actions occurring during the discharge
process itself.

In this study, a detailed characterization method is used to
determine mixture composition in situ (i.e., inside the
blender). The mixer contents are solidified, sliced, and the
resulting slices of the undisturbed mixture are examined by
image analysis. This approach precludes the inherent ran-
domness and error associated with thief sampling and gener-
ates reliable and extensive measurements of the overall com-
position distribution of the mixer contents. We focus on one
powder system and one blender geometry, and examine in
some detail the effects of the three operational parameters
that are most relevant to industrial operations: rotation rate,
filling level, and mixing time. The mixing apparatus, experi-
mental methods, and image analysis technique are discussed
in the following section. Experimental results are presented
in the third section. A simple model that efficiently describes
the evolution of the composition variance is also introduced
in the third section, and conclusions are presented in the
fourth section.

Experimental

A custom-designed mixing apparatus was used to examine
the effects of operating parameters on mixing processes in-
side a partially filled V-blender. Rotation was controlled us-
ing a stepping motor (Arrick Robotics, Hurst, TX) interfaced
to a computer (Gateway 2000, North Sioux City, SD). A mo-
tor-control computer program capable of varying rotation
speed during each experiment was developed to enable pre-
cise control of the motion of the mixing vessel. Since indus-
trial V-blenders generally run at a single constant speed, the
rotation rate was kept constant during a given experiment.
Thus, each experiment was defined by a specified rotation
rate, mixing time, and fill percent.

The experimental techniques used in this study have been
described in detail elsewhere (Wightman et al., 1995; 1996;
Brone et al., 1997); only a brief description is presented here.
Custom-made disposable aluminum mixing vessels (American
Aluminum Co., Mountainside, NJ) that were 76 mm in diam-
eter, 153 mm long, and had a 90-degree angle between shells
were used in all the experiments reported here. The total
loading for each experiment was 40-60% of the total vessel
volume. These filling levels correspond to the range of 60%
to 100% of working capacity commonly used in industrial ap-
plications. The vessels were loaded axially with red and green
66-um glass beads (Potters Industries Inc., Parsippany, NJ),
with one color being loaded into each shell (Brone et al.,
1997). The initial condition for each experiment is shown in
Figure 1.

At the end of the mixing experiment, the structure of the
mixture was preserved by infiltrating the blender contents
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Figure 1. V-blender vessel showing the axial loading
initial condition used in the experiments.

with a polymer solution (Rave, Chesebrough-Ponds USA Co.,
Greenwich, CT), which was allowed to cross-link, yielding a
solidified monolith (Wightman et al., 1995). This monolith
was subsequently cut into half-inch slices (Figure 2) to reveal
the internal structure of the mixture. Repeated experiments
that froze both horizontally and vertically layered structures
showed that the infiltration process did not cause appreciable
disturbances to the mixtures.

Quantitative mixing data were obtained from the slices by
image analysis using equipment and procedures that have

Left edge slice
Right edge slice

Center slices

Figure 2. Slicing scheme for solidified experiments.
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been described in detail in a previous publication (Wightman
et al., 1996). Each slice was scanned using a video camera
with the aid of a programmable xy-table (Unidex Aerotech
Inc., Pittsburgh. PA) operated remotely by a computer. Im-
age-processing software handled the video signal, data re-
trieval, and storage (Wightman et al., 1996). During image
acquisition, a slice of the mixture was partitioned into sepa-
rate fields of view, each 5 mm by 6.7 mm. Each field con-
tained approximately 9,000 particles and was digitized into
480 x 512 pixels, with each pixel possessing a gray level on a
scale from 0 to 255. A filter was used to maximize gray-scale
contrast of the red and green components. During process-
ing, each field of view was further subdivided into regularly
spaced regions, called “patches.” The local composition was
measured for each of these small patches by computing the
mean gray-level intensity of the pixels in the patch. Although
averaging within patches “blurred” some of the image detail,
the large number of patches used in the analysis (10° to 10*
per slice) gave a detailed characterization of the composition
statistics of the entire mixture. A typical slice is shown in
Figure 3a, and the reconstructed image using the mean gray-
scale value of the patches is shown in Figure 3b. The recon-

Figure 3. Data-acquisition sequence of the slice: (a)
photograph; (b) digitized image.
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structed image retains a large amount of detail found in the
actual mixture, making it possible to perform a detailed char-
acterization of mixture structure for each experiment.

Results and Discussion

The discrete nature of granular systems generates variabil-
ity within the powder structure even in well-mixed systems.
Samples of granular mixtures often contain a relatively small
number of particles (compared to the billions of molecules
usually encountered in gas and liquid samples). Because of
this small scale of examination, composition variability never
vanishes completely, and can often be significant, due to the
intrinsic statistical variability of finite-size systems. A mean-
ingful assessment of “mixedness” in such a system is per-
formed by comparing the observed variability with the vari-
ability of a random mixture, which represents the best achiev-
able mixing for a granular system. For a binary system com-
posed of constituents differing only by color, the standard
deviation of a random mixture, oy, is

PPy
RN N P, + NPy’

where P, is the probability that a given particle will be com-
ponent i, and N, is the average number of particles in a pure
sample of component i. For our analysis method, the sample
size corresponds to one patch, which contains approximately
140 particles (as determined by counting particles on a pic-
ture obtained from scanning electron microscopy). Using N,
= Np =140 particles per sample and 50% concentration of
particles of each color, the standard deviation of samples with
a random composition is calculated to be 4.23%. In compari-
son, the image analysis system used in this study generated
standard deviations ranging from 4% to 8% for mixtures that
appeared homogeneous to the naked eye.

Previous studies (Kaufman, 1962; Carley-Macauly and
Donald, 1962; Cahn et al., 1966; Donald and Roseman, 1962;
Hogg et al,, 1966; Henein et al., 1983; Hogg and Fuerstenau,
1972; Carley-Macauly and Donald, 1964) have demonstrated
that several flow regimes can exist in a rotating cylinder, in-
cluding slipping, slumping, rolling, cascading, cataracting, and
centrifuging. The speed of the vessel relative to the critical
speed required to centrifuge the particles determines which
flow regime dominates. In fact, this is akin to classifying flow
in terms of its Froude number (Fr = V2/gL), where V' is the
characteristic speed (usually the tip speed) and L is the char-
acteristic length (usually the vessel diameter). Three flow
regimes (tumbling, partial-inertia, and centrifugal) were char-
acterized for the V-blender used in this study, by observing
the motion of 66-um beads in a Plexiglas V-blender rotating
at variable speeds. Particle motion was videotaped and re-
played in slow motion in order to allow for easier identifica-
tion of the flow characteristics. The first mode of particle
motion was dominated by tumbling motion, characterized by
particles cascading from one end of the shell to the other,
with the mixture splitting and reforming during each rota-
tion. A gradual transition to the second mode of particle mo-
tion began at about 70 rpm. In this regime, the mixer rotated
too fast for all the particles to complete tumbling from one
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end of the shell to the other. Since all particles did not reach
the end of the shell, some became airborne as they fell from
a position no longer supported by the vessel to another loca-
tion that was supported. As the rotation rate increased, a
gradual shift toward the third mode of particle motion oc-
curred, which was totally dominated by particle inertia. In
terms of Froude number, the conditions under which inertial
effects become important correspond to 0.416 < Fr <1.91. At
speeds of 150 rpm or greater (Fr >1.91), the particles re-
mained fixed at the ends of the shell and did not move rela-
tive to one another. All experiments for this study were per-
formed between 8 and 24 rpm, corresponding to Froude
numbers of 0.0058 to 0.057. Since these speeds are far below
the transition to the partial-inertia regime, tumbling motion
dominated in all of our experiments. This range of Fr also
corresponds to conditions used in industrial applications, in
which large-scale tumbling blenders are usually operated at
Fr <0.2. While only results for 66-um particles are presented
here, we wish to remark that the same three regimes were
observed to occur at the same values of Fr when the experi-
ments were repeated for 600-um beads, suggesting that for
the free-flowing particles considered in our experiments the
flow regimes are independent of particle size.

The effect of rotation rate on the evolution of the standard
deviation of mixtures is illustrated in Figure 4 for 40% fill.
This value corresponds to 66% of working capacity. The na-
ture of the freezing/slicing quantification technique requires
sacrificing the mixture in order to perform image analysis.
Thus, in curves such as those shown in Figure 4, each data
point corresponds to a separate experiment. In order to mini-
mize the effects of environmental variables such as tempera-
ture and humidity, which affect the flow of granular materi-
als, all experiments within a curve were performed over an
interval of a few days under similar environmental condi-
tions. In Figure 4, results are compared for 8, 16, and 24 rpm.
The data demonstrate that in this regime, rotation rate exerts
little influence on the mixing process; in all cases, the evolu-
tion of the standard deviation is independent of rotation rate
and can be expressed solely as a function of the total number
of revolutions (which is the properly nondimensionalized mix-
ing time). Starting from the upright position, the flow splits
the mixture in the first half revolution. Once particles reach
the wall on the opposite end of the blender, they move as a
solid body until the configuration of the vessel with respect to
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Figure 4. Effect of rotation rate on mixing rate.

The standard deviation is shown as a function of number of
revolutions at 40% fill.
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gravity is changed enough to cause the particles to tumble
back to the other end of the blender, reassembling the mix-
ture. Qualitative observations indicate that this tumbling mo-
tion, which is gravity driven, is largely independent of the
rotation rate for low enough Fr numbers. Particles within one
shell are mixed relatively quickly by convective rearrange-
ment during the tumbling motion. Mixing between shells oc-
curs more slowly, as particles cross from one shell to the other
only as the mixture is reassembled. Hence, the important fac-
tor determining the overall extent of mixing is the total num-
ber of times the mixture splits and reforms, rather than the
rotation rate. In terms of total mixing time, however, the ro-
tation rate is very important, because tripling the rotation rate
from 8 to 24 rpm produces a uniform mixture three times as
fast.

The effects of fill percentage for experiments run at 16
rpm for 20 min are shown qualitatively in Figure 5. Figure 5a
shows an experiment run at 16 rpm for 20 min with a 40% fill
(66% of working capacity). The color difference between the
two halves is barely distinguishable, with an overall standard
deviation of 6%. (All standard deviations reported in this ar-
ticle are absolute standard deviations in terms of composition
percent. In cases where there is an uneven number of slices,
the center slice is omitted and the same number of slices
from each half of the blender are analyzed). Increased het-
erogeneity is seen in Figure 5b, which shows an experiment
run with a 50% fill. The difference in color between the two
halves is now noticeable, and corresponds to a standard devi-
ation of 8%. For 60% fill, heterogeneity increases even fur-
ther. Color differences between the shells are apparent in
Figure 5c, which shows a mixture with a standard deviation
of 18%. The differences between the experiments shown in
Figure 5 can be further clarified by quantitatively examining
the mean compositions of each slice, which are plotted in
Figure 6 as a function of the slice position along the axis of
rotation. The data show a clear trend, confirming the obser-
vations made for Figure 5a—5c. A flat curve, indicating a
nearly homogeneous mixture, is obtained for 40% fill, while
increasingly nonuniform profiles are obtained for 50% and
60% fill. 1t should be noted that the overlap between the
50% and 60% fill experiments is within experimental uncer-
tainty.

In a previous communication, Brone et al. (1997) showed
that the main barrier to mixing in a V-blender is the axial
flow of particles across the vertical plane of symmetry per-
pendicular to the axis of rotation; once particles cross the
plane they are mixed relatively quickly within each shell. Due
to the symmetric design of the V-blender, there is no inher-
ent convective mechanism for the particles to cross the cen-
ter of the vessel. As the V-blender rotates from an inverted
position to an upright position, the particles converge to the
lower end of the vessel, reaching the plane of symmetry at
the center of the vessel at the same time, so only a small
fraction of the material crosses the symmetry plane during
this process. Figure 6 also demonstrates the effects of the
symmetric design of the V-blender, as there is a nearly con-
stant composition on each side of the plane of symmetry. Dif-
ferences in composition between slices in opposite shells is
much greater than differences between slices within a given
shell, demonstrating that mixing within a shell occurs much
more quickly than mixing between shells.
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(b)

Figure 5. Effect of fill percentage on mixing for: (a) 40% fill; (b) 50% fill; (c) 60% fill.

The trends illustrated in Figures 5 and 6 are demonstrated
quantitatively in Figure 7 by plotting the standard deviation
of mixtures as a function of number of revolutions for fill
percentages of 40%, 50% and 60% for vessels rotated at 16
rpm. The graphs show the standard deviation of samples for
each experiment vs. the total number of revolutions for that
experiment. The data show that as the fill is decreased, the
mixing time decreases markedly. The 40% case mixes in a
fraction of the time of either the 50% or 60% case. One rea-
son for this drastic difference is that the larger fills have more
particles and, thus, more particles must travel between shells
to obtain complete homogeneity. Also, noting that the depth
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Figure 6. Axial composition profiles.
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of the cascade layer of a granular material is nearly indepen-
dent of bed depth for gravity-driven flows, a larger fill implies
that a smaller percentage of the contents is in motion at any
given time, and thus there is less mixing per unit time. To put
these observations in proper context, it is noted that the fill-
ing level recommended by manufacturers is 60% (100%
working capacity), and that in practical situations the pres-
sure to decrease batch cycle time often results in processing
times shorter than those corresponding to the conditions ii-
lustrated in Figure 7.
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Figure 7. Effect of fill percentage on mixing.

The standard deviation is shown as a function of number of
revolutions at 16 rpm.
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The results just presented have implications for the opera-
tion of V-blenders in industrial operations. In many produc-
tion processes, major components are loaded first and pre-
blended, and additives or minor components are added at a
layer point to finish preparation of a formulation (addition of
small amounts of lubricants and glidants at the final step of a
pharmaceutical production process is perhaps the most com-
mon example). Unfortunately, all too often, minor compo-
nents are added to only one of the shells through a gate at
the top of the shell, rather than evenly loaded in both shells
(which is easily achieved by loading the vessel through the
bottom valve while it is in the upside-down position). Such an
uneven loading practice is likely to lead to increased hetero-
geneity and irreproducible results, and should be avoided
whenever possible.

The experimental results just discussed demonstrate that
particle flow across the plane of symmetry of the mixing ves-
sel is the limiting step in obtaining a homogeneous mixture.
Each time a V-blender rotates, the mixture is split and re-
combined. In the first half revolution, the mixture is split as it
flows into the arms of the blender. Visualization studies in
Plexiglas V-blenders have shown that particle flow across the
plane of symmetry is negligible during this motion. In the
second half revolution, the material in the two arms recom-
bines in the lower part of the blender. It is in this second half
revolution when all flow across the plane of symmetry occurs.

Given the experimental results presented earlier, a simple
model can be constructed based on three assumptions: (1)
that a constant amount of material, g, crosses the plane of
symmetry in each revolution; (2) that the system is well mixed
in each arm of the vessel (as suggested by Figures 5 and 6);
(3) that the volume of material in each arm remains constant
throughout the mixing process. Thus, a material balance on
the left arm of the vessel requires that

oW,
M, — =qW, - qW,,

N (D

where M, is the mass of the particles in the left arm; W} is
the concentration (w/w) of the constituent of interest in the
left arm; W, is the concentration of the constituent of inter-
est in the right arm; N is the number of revolutions; and q is
the amount of material that crosses the plane of symmetry
per revolution. Mass conservation requires that

WM, + WM, =m,, @

where m_ Is defined as the total mass of the constituent of
interest. Knowing that M, = M, = M/2, and defining W, =
m_ /M, leads to

M oW,

T W=Q(W0_I’VI)- 3)

Integrating Eq. 3 using the initial condition W;=0at N=0
gives
W, =W,(1— !~ 4DN), Y]
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that is, the concentration of W, asymptotically approaches W,
in the left arm of the vessel. Similarly, for the right arm one
obtains

W, =W, (1+ el 49Ny, (5

Traditionally, mixedness of a granular system is reported in
terms of mixture variance:

6)

where o5 is the variance due to incomplete mixedness in the

system; and o is the variance of a random mixture. Since by
assumption the mixture composition in each arm of the ves-
sel is constant, ¢, can be estimated as

(W= W) +(Wy =W,

Oy = > . (7)
realizing that, by symmetry,
Wy =W, =1W,~W I, (8)
and combining with Eq. 4 leads to
o =g+ Wie Y, 9

where k = 8g/M. This model suggests that if the experiments
are performed in a regime where k is independent of the
rotation rate (likely to be the case for speeds much lower
than critical, i.e., Fr < 1) the speed of the vessel should not
affect the mixing rate per revolution. The reader should note
that this approach is conceptually different from interpreting
results in terms of an axial dispersion coefficient. Axial mix-
ing in either half of the blenders occurs mainly through con-
vection. In addition, there is a convective component of axial
motion (albeit small) across the plane of symmetry, as evi-
denced by the folds visible in Figure 3a, showing a slice along
the plane of symmetry. The conceptual distinction between
convective and dispersive mechanisms is important because
they suggest different approaches for enhancing mixing. If
mixing is primarily dispersive, mixing would be enhanced by
increasing overall particle mobility; if mixing is controlled by
convective mechanisms (as is the case here), mixing should be
enhanced by modifying flow patterns. In fact, as we have
shown elsewhere (Brone et al., 1997), mixing in V-blenders
can be greatly enhanced by increasing the magnitude of con-
vective axial flows.

For each set of experiments, values for & and g were ob-
tained from a least-squares fit of the data using Eq. 9. (Data
points from experiments where the asymptotic variance had
been reached during the experiment were not used to deter-
mine k. Since the 8 rpm experiments had the most data points
before the asymptotic variance was reached, this value of &
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Figure 8. Model vs. experiments for: (a) variance data;
(b) composition data for the originally green
shell.

was used to construct the curves in Figure 8.). In Figure 8a,
the experimentally determined average composition of the left
arm of the V-blender (symbols) is plotted vs. number of revo-
lutions and compared to model predictions obtained using
the value of ¢ given previously in Eq. 4. In Figure 8b, the
experimentally determined variance symbols) is plotted as a
function of the number of revolutions and is compared to
model predictions (solid curve) obtained using the value of k
from Eq. 9. Satisfactory agreement is obtained in both cases,
further demonstrating that mixing in a V-blender is limited
by the rate of mass transfer between halves of the mixing
vessel.

While g appears to be independent of vessel speed for the
conditions investigated in this article, it does depend strongly
on filling level. As shown in Figure 9a, the mass flow rate
through the plane of symmetry is nearly halved as fill percent
increases from 40% to 60%. A 40% loading contains 560 g of
particles with 1.4 g of particles crossing the vertical plane of
symmetry in each revolution. The 60% fill case contains 840 g
of particles, yet only 0.8 g of particles from each side is trans-
ferred between shells per revolution. Thus, not only is there
a higher percentage of particles crossing the center boundary
for the 40% fill, there is a higher absolute number of parti-
cles crossing the boundary per revolution as well. As a resuit,
the decrease in mixing rate for higher loadings is even more
significant when quantified in terms of k=8¢g/M; a 40%
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loading will mix nearly twice as fast as a 50% loading and
nearly three times as fast as a 60% loading (Figure 9b).
These observations also have implications for industrial
operation of V-blenders. While it is unlikely that faster mix-
ing would justify decreasing loading in practical cases (except
perhaps in certain phamaceutical products that have a ten-
dency to “overlubricate” if mixed for too long), the impact of
filling level on mixing rates should be taken into account when
batches of different sizes are manufactured in the same
equipment, as is common practice in many batch industries.
Moreover, during process scale-up, it is often the case that
mixing processes are scaled up using completely different fill-
ing levels for the small-scale and large-scale batches. Typi-
cally, the small-scale process used for product development
tends to use small filling levels in order to minimize batch
size and development cost, while the large-scale process tends
to use filling levels that are as large as possible in order to
reach production goals while minimizing number of batches.
The result of such an approach can be decreased quality of
the scaled-up product. Hence, a strong recommendation is to
either keep the filling level constant during scale-up, or care-
fully consider the effect of filling level on mixing time. The
results presented here offer some guidance concerning free-
flowing materials. However, it is realized that for other vari-
ables, such as particle size, shape, density, or cohesivity, the
angle between the arms of the blender, the overall size of the
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Figure 9. Effect of fill percentage on: (a) mass-transfer
rate q; (b) mixing constant k.
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blender, and the presence of an intensifier bar, may all affect
the rate of mixing. The effect of such variables will be exam-
ined in future work.

Summary and Conclusions

An experimental approach, based on solidification, slicing,
and image analysis, was used in this article to perform an
accurate and extensive characterization of mixing of nonseg-
regating particles in V-blenders of standard configuration.
The effects of vessel speed and fill percentage on the mixing
rate were examined. Experimental results were also used to
develop a simple model that accurately described mixing of
same-size particles. Both experiments and model predictions
demonstrated that the mixing process in a V-blender is di-
rectly linked to and is limited by the rate of mass transfer
across the vertical plane of symmetry between the two shells
of the mixing vessel.

Both vessel speed and {filling level were examined to deter-
mine their effects on mixing rate. For rotation rates between
8 and 24 rpm, the mixing mechanisms were essentially un-
changed. In all cases, mixing time was inversely proportional
to vessel speed, and similar degrees of homogeneity were ob-
tained for mixtures rotated for the same number of revolu-
tions. Vessel filling level, on the other hand, had a substan-
tial effect on mixing rate. As the vessel fill rate was in-
creased, motion within the vessel was inhibited, particle mo-
bility across the symmetry plane was decreased, and mixing
times were increased.

These observations have three implications for the use of
V-blenders in industry. First, the V-blender should be loaded
with equal amounts of each component loaded on each side
of the plane of symmetry. Second, sampling of the mixture
should be done equally on both sides of the plane of symme-
try. Data taken from only one side of the vessel may indicate
that the mixture is homogeneous, while a difference in com-
positions between halves may exist. Third, scale-up proce-
dures should either keep the filling level constant, or should
take into account the effect of filling level on mixing rate.
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