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An existing method to measure particle velocity is particle image velocimetry which
requires presence of tracer materials. This method of contrast enhancement is not always
applicable in an industrial setting. Therefore a method to assess the movement of small,
structures has been introduced, called powder surface velocimetry (PSV). The principle of
PSV is to follow the movement of small structures on the surface of the powder bed. The
displacement of the structure is correlated with velocity. The rate of the blade of a blender
was quantified to assess the validity of PSV. Next the powder surface velocity of lactose
100 M was measured by PSV and was found to be in line with expected values and flow
regimes. VVC 2011 American Institute of Chemical Engineers AIChE J, 58: 690–696, 2012
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Introduction

Dry blending of powders is an extremely important unit
operation in industry. Obviously, blend uniformity is a basic
product quality attribute.1–4 The homogeneity of a blend is
influenced both by the blender and the components of the
powder. With regard to the latter, especially the cohesiveness
of the powder is relevant.5–9 A typical example is when a
small amount of a cohesive, micronised drug is blended in
noncohesive diluents such as lactose. The drug then tends to
form lumps or aggregates. Clearly, these aggregates need to
be broken. Prescreening of aggregates is a common
approach, but do not prevent the powder to reaggregate.
From a process quality perspective, the blending conditions
need to be such that existing aggregates are broken up suffi-
ciently and that formation of new aggregates is prevented. It
has been demonstrated that the speed at which particles
move in a mixer is a crucial parameter. Also the filler parti-
cle size is of importance here.10 Measurement of the particle
velocity in a moving dry-powder bed is not a trivial opera-
tion. For this reason it is often assumed that particle speed
in the blender is the same as, or at least proportional with,
the impeller (tip) speed.11 However, it is very reasonable to
assume that filler type and fill degree have also a certain
impact on the particle velocity. To distinguish impeller speed
effects from other effects one should be able to determine
particle velocity under different conditions experimentally.

In recent years different techniques like high speed imag-
ing and positron emission particle tracking (PEPT) have
been used to measure particle velocities in granulation
experiments. PEPT studies were carried out with a single ra-
dioactive tracer particle which is followed in space and time.
This measurement yields the average velocity patterns within
the apparatus. Studies carried out with PEPT have some
drawbacks related to cost, spatial resolution, temporal resolu-
tion and powder contamination.12 Until now, only limited
studies have been reported on the application of PEPT
within dry blending.

Another frequently applied technique to measure particle

velocity in granular flows is high speed imaging where indi-

vidual particles are tracked to measure powder velocities.13–16

An alternative to analyze the granular flow is to calculate

the velocity using particle image velocimetry (PIV).12,17 PIV

compares two images of subsequent frames at the same loca-

tion and moves the images over each other until the best

match between the images has been found. This matching is

quantified using convolution filtering or Fourier transform

(FFT). The displacement of the images is proportional with

velocity. The images must be large enough to capture the

complete path length of the displacement. Furthermore, FFT

requires that the number of visible particles or other struc-

tures should be sufficiently large in a certain pattern. For

example, in the study of Nilpawar et al.17 it was needed to

detect at least 5–10 granules for the detection of velocity

with PIV. On the other hand, when the image is over-satu-

rated with visible particles, the field is too busy to distin-

guish the movement of individual particles.18

To solve these issues the granular flow was made visible
by addition of tracer particles.19 A tracer particle is assumed
to exhibit similar characteristics and hence the same velocity
as the rest of the powder. Of course, the addition of tracer

materials is also to be considered as a contamination and
therefore not always tolerated.10

In this work, we propose the powder structure velocimetry
(PSV) method which measures the movement of surface on
the powder surface structures. PSV does not require the
addition of any tracer.

Experimental

Materials

The material used was lactose monohydrate (PharmatoseVR

100M, from DMV Frontera, Goch, Germany).

Equipment

The blending experiments reported in this study were per-
formed in a convective mixer with a bowl volume of 25 L
(Fukae Powtec model FS-GS-25J, Japan). The chopper was
not installed and the impeller rotated at rates between 50
and 350 rpm corresponding with tip speeds between 1.07
and 7.48 m/s. The fill degree at each experiment was 5 kg
powder which corresponds with a relative fill volume of
about 27% (V/V).

For capturing the videos of the dry powder bed a Casio-
EX-F1, (Casio computer, Tokyo, Japan) Motion Analyzer
was used.

Quantitative powder velocity experiments were performed
by placing a transparent plexiglass lid on the blender. The
camera was placed perpendicular on the bowl. Three large
spotlights were used to illuminate the powder surface. The
camera operated at a speed of 600 frames per second.

Quantitative image analysis

In this study the method was developed in the empty
mixer by measuring displacement velocities of the blades.
The impeller arm rotated at rates between 100 and 350 rpm.

Figure 1 schematically depicts the steps applied in PSV.
These steps will be described subsequently.

Step 1: Identify Fingerprints of Structures in the Images
of the Selected Frames. After selection of two subsequent
images the first step in PSV is to identify clearly distinguish-
able structures (fingerprints). A typical example is depicted
in Figure 2. The figure illustrates the initial and following
image denoted as vt1:n;1:m (Figure 2a) and vt

0
1:n;1:m (Figure 2b),

where t is the initial image at time t and n and m are the
number of columns and rows of the image, i.e., 180 � 225
pixels in this case.

Each pixel at location (i, j) in the images has intensity, xtij
and xt

0
ij.

A subimage of the images at position

i; jð Þ; with i; jð Þ i 2 1 : n
j 2 1 : m

����
8>>:

9>>; with a window tile size k is

defined as vtij;k ¼ xtl;p
l 2 i� k : iþ kð Þ
p 2 j� k : jþ kð Þ
����

� �
(Figure 2a) of

image vt1:n;1:m and vt
0
ij;k (Figure 2b) of image vt

0
1:n;1:m.

The selection of a window-size k depends on the relation-
ship between surface structure and image resolution.
This means that in cases that include large structures or low
resolution of the image a larger window-size k can be
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chosen. In this work, a subimage tile size of 5 by 5 was
used that also included taking into account the computational
capacity.

The subimages represent a collection of pixel intensities
and functions as a fingerprint at a specific location when
there is significant variation. This means that a very low in-
tensity variation in the subimage illustrates a nonstructure
area and will not be defined as a fingerprint.

Step 2: Detection of Potential Fingerprints for Velocity
Calculations. In principle, any subimage pairs vtij;k and

vt
0
ij;k at each location (i, j) of the two images vt1:n;1:m and

vt
0
1:n;1:m could be examined for a fingerprint. To speed up

the analysis and to make it feasible for a large image data,
one can also limit the number of the candidates, which is
expected to be statistically significant different between two
subimage pairs at the same location for different time
points due to the move. This is accomplished by evaluation
of the differences between two subsequent subimages, vtij;k
and vt

0
ij;k, at each location (i, j) of the two images. The

"corr" statistical correlation command provided by the
MATLABVR Statistics toolbox was used for this purpose af-

ter reconstruction (unfolding) of the matrices vtij;k and vt
0
ij;k

to vectors. In this work a correlation threshold of 0.6 was
selected (C1, crit in Figure 1). The subimage pairs that have
correlations of less than the threshold C1, crit were consid-
ered significant different and were therefore identified as
candidate fingerprints in Step 3.

Step 3: Creating a Search Window (in the Next Image) to
Find Fingerprints that Moved. The next step in the PSV
process is to locate fingerprint vt

0
ij;k in the next image,

vt
0
1:n;1:m, at a new position in the neighborhood of the initial

location (i, j) that possesses the best match with vt
0
ij;k.

Again, to speed up the analysis a larger search window,
St

0
ij;q, with size q (q[ k) around position (i, j) around the fin-

gerprint of interest (step 3) is used,

St
0
ij;q xt

0
l;p

l 2 i� q : iþ qð Þ
p 2 j� q : jþ qð Þ
����

� �
:

In this work a search window size q of 31/31 pixels was used.
This was large enough to find fast moving objects but still
acceptable in perspective of computational capacity.

Figure 3 illustrates an example of the search window St
0
ij;q

with size q created around coordination (i, j).
Step 4: Identify Replacement Trajectory of Fingerprints—

the Best Match in the Search-Window. It is now assumed
that fingerprint vtij;k is visible (reallocated) at a new location
(a, b) in the neighborhood of position (i, j). A second correla-
tion step was introduced to find a new location (a, b) having
the best match between fingerprint vtij;k and fingerprint vt

0
ab;k

within search window St
0
ij;q, vt

0
ab;k xt

0
l;p

l 2 a� k : aþ kð Þ
p 2 b� k : bþ kð Þ
����

� �
.

The corr command (MATLABVR Statistics toolbox, corr(vt
0
ij;k,

vt
0
ab;k) was applied again.

A high correlation threshold (e.g., [0.95) ((C2, crit in Fig-
ure 1) tolerates no or very limited additional changes of the
original fingerprint in the initial image, like noise in image
signals, other small changes such as light condition or the
structure itself which results in a limited number of matched
fingerprint pairs.

A relatively low correlation threshold (e.g., 0.7) allows
(accepts) more noise or changes to the original fingerprint
which results in a high number of matched fingerprint pairs
but with low reliability (low confidence). A balance must be
chosen depending on the prior knowledge or estimation of,
for example, signal noise or other changes. In this work the
correlation threshold of 0.9 was selected.

This process was repeated for all selected fingerprints.
Step 5: Calculating the Velocities. The final step in PSV

is calculating the velocity based on the displacement of the
fingerprints in two subsequent frames.

The displacements (dvtij;k) were determined using the dis-
tance of two correlating fingerprints, vtij;k and vt

0
ab;k:

dvt
ij;k

¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
i� að Þ2þ j� bð Þ2

q
(1)

The velocities (v) are now calculated based on the frame rate
of the camera (f ¼ 600 frames per second) and the size of the
pixels (W) (1.3 mm/pixel).

v ¼
dvt

ij;k
�W
f

(2)

The procedure explained so far describes the displacement of
structures in two subsequent images. For a complete analysis
the structure movement has been detected for 10 subsequent
images.

Figure 1. Flow chart applied in PSV.
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Results and Discussion

Movement of the impeller; empty container

The velocity of the impeller was determined using the
PSV method described in the previous section. This was

done to assess the validity of the method and to obtain an
impression of the accuracy of the technique.

Obviously, the movement of the impeller in an empty
blender is precisely known. After analysis there are a

Figure 3. Example of the search window St0
ij;q with size q created around fingerprint Xt0

ij;k.

The left-hand figure depicts a snap-shot at t0, the green dashed line depict the impeller position at time t and the small orange box the fin-
ger print at time t. The right-hand figure shows the search window and the original finger print. [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]

Figure 2. Example of subimages in the initial (A) and following (B) images.

Explanation see text. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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number of matching fingerprints. Figure 4 gives a typical
example of the measurement of the blade speed using
PSV. The insert in this figure shows that the technique
predominantly identifies structures that are moving
and ignores the structures that do not. From this experi-
ment, the quantitative image analysis method was shown
to be able to detect differences in the speed of moving
objects.

Figure 5 compares the real velocity of the impeller and
the velocity of the blade measured by PSV. An exact cor-
relation was achieved. A least square analysis assuming a
linear relationship of the data points lead to a slope of
0.993. Hence, the figure shows that the method is able to
measure the speed of the impellor very precisely. The var-
iation shown is probably also due to the noise in the light
field such as background speckle, aberrations of the lenses,
or noise in the image recording medium. Another reason
could be found in the calculation of the velocity applied
in PSV. The powder velocities in PSV are calculated by
dividing the linear displacement dvtij;k of the fingerprints by
time. Since it is not exactly known if the structures travel
the shortest path between the two points the calculation
inherently yields a value with an undefined error. How-
ever, this particular error is thought to be negligible, since
the forced flow is large in comparison to the dynamics of
the structure as such.18,20

Therefore, based on the results depicted in Figure 5, the
method presented here is considered suitable for structure
(fingerprint) velocity measurements.

Filled container; visual observation

The powder movement of the blender filled with lactose
monohydrate was monitored at different impeller speeds and
the data were analyzed using PSV. Figure 6 gives typical
examples of the analyses. The fingerprints that are suitable
for velocity analysis were identified at locations close to the
position of the blade. Furthermore the number of identified

fingerprints is relatively low at low impeller speed (Figure
6a). This could be explained by the bumping behavior
described by Litster et al.15 who observed two distinct flow
regimes in a moving powder bed, called bumping and roping
flow, respectively. The bumping flow regime occurs at low
impeller speeds in which the powder bumped up and down
when the impeller passes underneath. Within this regime the
bed rotates slowly and there is little vertical turn over. The
roping flow regime occurs at high impeller speeds in which
the powder shows similarities to a toroidal flow. Within this
regime the powder bed is forced up the vessel wall and then
tumbles down the angled bed surface towards the centre of
the bowl.

The higher number of fingerprints identified with increas-
ing impeller speed is explained by the roping flow behavior
of the powder (Figures 6b,c). Under these conditions the
whole powder bed behaves in a chaotic manner resulting in
an image with more contrast.

As can be seen, PSV is well able to quantify local speeds,
even when impeller speeds are low. Visual assessment of the
powder bed revealed that the bumping pattern was only
observed at impeller speeds below 110 rpm and a clear rop-
ing pattern was observed at impeller speeds above 200 rpm.

Powder surface velocity

It is interesting to note that the differences in powder
surface velocities at different areas of the powder bed are
considerable. Therefore, five areas were defined around the
impeller to assess the local differences in powder velocity.
This is illustrated in Figure 7a. The local particle veloc-
ities are depicted as a function of the impeller speed in
Figure 7b. This figure shows that below an impeller speed
of 200 rpm the powder surface velocities of the entire
powder bed increases proportionally with impeller speed
which agrees with the findings of Muguruma et al.14 and
corresponds to a bumping flow regime at impeller speed
below 110 rpm and a regime with a mixture of the roping
and bumping pattern at an impeller speed between 110
and 200 rpm as described by Litster et al.15 Above an
impeller speed of 200 rpm the mixture of bumping and

Figure 4. Velocity map of the impeller at 350 rpm
(vtipspeed 5 7.4 m/s).

The insert shows the (green squares) fingerprints with their
identified best match fingerprints (red crosses). [Color figure
can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]

Figure 5. True velocity vs. experimental velocity of the
blade at 75 rpm (*, turquoise), 155 rpm (h,
blue) and 335 rpm (^, yellow).

Dashed lines indicate the 99% confidence limits. Correlation
coefficient ¼ 0.98. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]
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roping flow patterns changed to a full roping flow regime.
This regime is characterized by the powder surface veloc-
ities that do not increase with impeller speed but stabilize
to a certain level. These findings are also in agreement
with the findings by Litster et al.15

Figure 7a shows that the highest powder surface velocities
are found in the vicinity of the blade (area I). This implies
that the particles in that area contain the highest kinetic
energy since they are exposed to the propulsive and dissipa-
tion mechanisms between impeller and particle, and in
between particles.13,21

Conclusion

In this study lactose 100 M with a constant fill level was
used as a model excipient to introduce PSV for powder sur-

face velocity measurements in a moving bed. PSV is a
method based on mapping the movement of small structures
called fingerprints. Identification of these structures is based
on a statistical correlation function. The method is able to
identify sufficient structures to assess the velocity of a pow-
der under conditions of low contrast, i.e., a powder bed.
Addition of tracer particles is not necessary, which is an
advantage when the tests need to be performed in an indus-
trial setting.

The validity of the method presented in this article is
assessed by quantifying the rate of movement of the blade of
a blender. The method enabled measurement of blade speed
with reasonable accuracy.

The powder speeds of lactose monohydrate 100 M detected
with PSV are in line with those reported in literature and
showed that the powder surface velocity is location dependent.

Figure 6. Typical examples of powder surface velocities at various impeller rotational speeds.

Color bars indicate the powder surface velocities in m/s. Green square symbols indicate the initial position of the powder pattern. Red
cross symbols indicate the position of the powder pattern in the following frame. [Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]
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The analytical technique described in this study forms the
basis of further investigation into powder motion. The tech-
nique seems to be possible for monitoring processes to
investigate critical steps, understanding mixing mechanisms
and material parameters. With the concept of quality by
design being embraced by the pharmaceutical industry there
is a need to understand mixing mechanisms.22,23 The method
described in this paper offers a relatively simple tool to do
the required investigations.
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Figure 7. Powder surface velocities at increasing
impeller speeds at areas I (^), II (n), III (~),
IV (l), and V (X).

Error bars represent the standard deviation of four subse-
quent images of two individual experiments and the dashed
lines indicate the blade and the centre of the impeller.
[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]
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