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Abstract— The aim of this work isto evaluate the homogeneity degree of powder mixtures by studying
axial and radial profiles, which are developed on a cylinder rotating under cascading regime, and two
conditions of initial loaded distribution. The quantification of the internal composition of the mixture
over time was obtained by solidification technique coupled to the image processing and analysis. Two
sand types with similar properties, except for color, were mixed according to the experimental design.
After, a binder was added to solidify sample when the mixing reaches homogeneity, and then it was diced
for taking pictures. The concentration and the homogeneity degree were calculated by statistical analysis
based on the standard deviation using image processing and analysis. The fraction of orange particlesin
the radial zone of each dice is close to 0.5, while increasing the mixing time for both vertical and
horizontal distributions, which isthe desired value for a mixture having the same amount of two types of
particles. The homogeneity degree in the radial profile of mixing with initial horizontal distribution is
stabilized at about 30 seconds of operation for all the slices, but the region of radius 4 has lower value of
RSD by continuous exchange of particles in this zone. On another hand, the homogeneity degree in the
axial profileincreases with increasing the mixing time; initially, the particle distribution isbimodal dueto
segregation of components and finalizing with unimodal particle distribution.
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I. INTRODUCTION

The powder mixing is a very important process in the manufacture of glass, pharmaceuticals, processed food,
ceramics, plastics, detergents, fertilizers, among others. Evidence of this is the world production that represents
more than one billion pounds by year of products in way of granular and powder, which must be uniformly
mixed to achieve the goals of quality [1]-[3]. Since many factors can affect the quality of mixing, it is crucia to
monitor the internal distribution to establish the desired homogeneity point.

Many studies have expanded the area leading to the development of experimental techniques, and theories
that analyze the flow behavior under different mixing regimes. In particular Ding et a. [4] presented theoretical
models to calculate the rotation time of particle bed in the regimes of rolling and avalanche, and the transition
between them. Likewise J. Mellman [5] developed simplified mathematical models that describe the behavior of
transition between regimes.

There are different methods to analyze the evolution of the mixing process, divided into three categories. The
first, emphasizes the use of tracers to follow the evolution of the mixed [6], [7], the second uses the online
image analysis to follow the dynamics of the particles [8]-[11] and the third provides information on the internal
structure of mixing through off-line analysis of samples[12]-[15].

Methods of particle bed solidification have been studied in different works [12]-[15] where image processing
is used to analyze the composition internal of granular mixture. Wightman et a. [16] solidified the granular bed
to characterize the structure of granular mixtures in a mixer with rocking. In this work used image analysis,
providing an effective method for performing a detailed quantitative characterization. On the other hand,
Obregon et a. [13] built alow shear mixing device consisting of a box with two moving walls and three static
walls to study granular mixing. A fast digital camera with high resolution was used to take image during mixing
process. After, particle bed was solidified and the entire slab was cut vertically in dlices to analyze the
composition internal under different periodic shear rate. Meanwhile, Dal Grande et a. [17] determined
composition in granular mixtures through colorimetric imaging using a small scale drum mixer. After blending,
the mixtures have been solidified and sliced to study the internal structure. The colorimetric analysis has been
carried out on the interior of the granular bed. Its results have high accuracy and precision, and this method does
not require a calibration curve and is therefore faster to implement and easier to generalize.
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Many authors have studied the effect of different process variables [3], [18]-[20] on the mixing time. Some
variables are: particle size, rotation speed of mixer, filling percentage, mixer diameter, number of baffles
(paddles), repose angle, quantity ratio of each component. Other researchers [9], [20]-[22] have analyzed the
powder flow behavior in diverse type of mixer, such as, high shear, rolling drum, the double-cone, the V-
blender and tote-blender.

The objective of thiswork is to determine the composition and the homogenization degree of particle mixing
in a rotating cylinder considering the axial and radial profiles developed under the cascading regime, and two
initial distributions of the each component inside mixer.

[l. MATERIALSAND METHODS
A. Experimental Equipment and Materials

Experiments were carried out in the cylindrical drum as shown in Fig. 1. The drum was constructed from
acrylic and it has a length of 100 cm and diameter of 100 cm. It was powered by an electric motor of 12 volts
and control of rotation rate was carried out by a pulse width modulator (PWM). All the tests were performed in
the rolling and cascading regimes at 21.8 and 7.9 rpm, respectively, according to Froude number, which are
common in many industrial applications [23].

The filling ratio of mixer corresponds to approximately 35%, based on previous research [24]. Two
components were charged in the mixer by varying the initial distribution in two ways, @) two horizontal layers
and b) two vertical layers, asshownin Fig. 2.

a) b)

Fig. 1. 8 Top view of the mixer with its wooden support, and b) dimensions of mixer drum.

Fig. 2. Initial distributions of particlesload, a) horizontal distribution and b) vertical distribution, and ¢) dimensions of each particle bed in
the mixer.

The blue and red particles were obtained from granite stone and they are used for the mixing experiments;
these particles could be identified adequately by means of a CCD camera. The particles of each color were
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sieved to choose particles of similar sizes retained by the mesh sieves of 325 and 270, and therefore to diminish
segregation phenomenon by particle size during mixing.

The sampling times (2.8, 5.5, 13.7, 30.6 y 46.2 seconds) were determined by preliminary tests of the mixing
profile, by calculating standard deviation of the surface concentration of the mixture at different time for both
particle distributions, see Fig. 3.

0.8

—&— Cascada - Horizontal
0.7 4 - =@ -- Cascada- Vertical

0.6 A
0.5 -
0.4 -

0.3 A

Desviacion Estandar Relativa

0.2 1

0.1 -

0 10 20 30 40 50 60 70
Tiempo (s)
Fig. 3. Preliminary tests for analyzing the particle bed surface in cascading regime.

The cylindrical drum was longitudinally divided into two parts as indicated in Fig. 1b, and this allowed the
loading and removal the particles from mixer after their solidification. Initially, the particles were loaded with
two vertical layers (vertical distribution), according to Fig. 2b, with blue particles placed on the left and red one
on theright. A solidification technique [15, 25, 13] was used to evaluate internal composition of particle mixture
by using commercial gelatin as solidifier. After adding the gelatin is waited for eight hours to percolate through
the entire bed, then, the mixture was refrigerated for about six hours at 2 degrees Celsius.

Finally the entire slab was cut vertically in 6 dlices of thick 16.7 cm, as shown in Fig. 4. Pictures of each dlice
were taken quickly to study the distribution of particles in the vertical layers (y and z axes). The same
procedure was done when particles were loaded in two horizontal layers, Fig. 2a.

Fig. 4. Top view of the six axial dlices of the solidified particle bed.
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B. Image Processing and Analysis for Determining Degree of Homogeneity

The images received by the CCD camera were converted to gray levels and binarized using IMAQ Vision
Builder® of National Instruments, see Fig. 5. Also, Adobe Photoshop® CS2 software was used to cut imagesin
radial and axial way, see Fig. 6.

The degree of homogeneity of the process was evaluated by construction of mixed curve as a function of the
time. The relative standard deviation (RSD) was utilized (Equations 1 and 2) for the axial and radial analysis, to
compare the degree of dispersion of average concentration for each image.

S
RSD = = 1
= D

G fM )
n

where Sis the standard deviation, C is the average concentration, C; is the concentration of section i and nisthe
total number of samples.

a) b)

©)

Fig. 5. Image processing IMAQ Vision Builder®: a) original image, b) grayscale image, ¢) binarized image

The radial analysis was carried out by dividing the image of a slab section (Fig. 5a) into four parts (radius),
see Fig. 6a. Then, the concentration was determined in each radio as explained above.

The axial analysis was done by taking images of each slice and measuring its concentration. Each picture
with asize of 3146 X 1253 pixels was partitioned into 50 sections of 314 X 251 pixels, Fig. 6b.

a)

b)
Fig. 6. 8) Radial cuts of slab, and b) axial divisions of slab
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I11.RESULTSAND DISCUSSION

Figure 7 shows the variation of homogenization grade on the surface of the particles bed through relative
standard deviation (RSD) as a function of mixing time for cascading regime with horizontal and vertical initial
distributions of the components. For vertical initial distribution of components, the RSD decreases rapidly
during the first 20 seconds and homogeneity is reached. However, a steady state of homogeneity is reached in
approximately 40 seconds.
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Fig. 7. Preliminary tests and analysis of the surface of the particles bed for cascading regime.

The sampling times, to stop the mixing process and by adding the solution in the mixture of particles were
determined by analysis of the homogenization grade shown in Fig. 7. The chosen sampling times to analyze the
inside particle beds, were: 2.79 s, 545 s, 13.71 s, 30.58 s and 46.19 s. According to the initial distribution of
components along the mixer, it was assumed that there is symmetry with respect to the middle zone being
perpendicular to the axis of rotation. Therefore, the axial dlices: 1 and 6, 2 and 5, and 3 and 4 have similar
concentration profiles as shown in Fig. 8. Based on the results observed in Fig. 8, three dlices (1, 2 and 3) of the
solidified particle bed were taken to study the axial and radial profiles, and to facilitate the images processing.
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Fig. 8. Symmetry of the slices along the mixer in radius 3 for cascading regime.

C. Analysisof theradial profile of mixture for cascading regime

Figure 9 shows the radia profile of fraction of particles of each cross-section for cascade regime with
horizontal distribution of components. The fraction of orange particles in the radial zone of each diceiscloseto
0.5, while increasing the mixing time, which is the desired value for a mixture having the same amount of two
types of particles. Furthermore, the radial concentration profiles of slice 1 located at the end of the cylinder (Fig.
9a) presents a lesser fluctuation with respect to the other slices, because transport of particles does not occur
through a cylinder wall side [26].
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Radius 3 and 4 of each slice show substantial changes in the concentration profile over time, while radius 1
and 2, especially the first has a more stable behavior, in accordance with Sherrit [25]. Radius 1 and 2 are under
the particle bed and near to the wall cylinder, and this area is called passive region, in which each particle is
static with respect to the surrounding. Those particles rotate with the cylinder wall in a fixed radius without any
opportunity for interaction between them, until they reach the top zone, known as active region. In this active
region the particles flow rapidly and continuously due to the inclined surface of the bed, and then they mixed
with other particles by random collisions. In the lower zone of the active region, the particles re-enter to the
passive region to begin another cycle. In rolling regime, the active zone is characterized by flat surface with an
angle of inclination to the horizontal plane known as dynamic angle of repose of the granular material. As mixer
speed increases until the cascading regime, the surface is deformed due to increased centrifugal forces and
increased acceleration and decel eration of the particles.
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Fig. 9. Concentration of the radial profile for cascading regime - horizontal distribution, @) Slice 1, b) Slice 2 and c) Slice 3.

The Figure 10 shows the homogeneity degree of mixing at cascading regimen with initial horizontal
distribution. The homogeneity of mixing is stabilized at about 30 seconds of operation for al the slices, but the
region of radius 4 has lower value of RSD by continuous exchange of particles in this zone. Moreover, the
radius 1 has the highest deviation which tends to average 0.22, due to particle motion is restricted; the
concentrations in the different sectors of the same radius are dispersed with respect to their average.
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Fig. 10. Relative standard deviation of the radial profile for horizontal distribution: a) Slice 1, b) Slice 2 and c¢) Slice 3.

Figure 11a shows the concentration of the radial profile for cascading regime with vertical distribution, which
indicates fraction of particles with an average of 0.486, while the horizontal distribution (Figure 9b) has an
average valuein all radius around 0.428. Therefore, the vertical distribution has lower dispersion than horizontal
distribution (Figure 9b) by a closeness of the RSD between different radial zones. One possible explanation is
that when increasing the interfacial area between the two components, only a small amount of movement is
necessary to obtain efficient mixing [25].
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Fig. 11. 8 Concentration of theradial profile for slice 2. b) RSD of the radial profile for dlice 2 with cascading regime - vertical distribution.

Figure 12 shows the frequency curves for particle fraction of radius 3 for two initial distributions of each
component at cascading regime. The horizontal distribution has an average value of 0.49. The dispersion of
particle concentration of the horizontal distribution is lower than vertical distribution, indicating that the mixture
can be considered highly homogeneous. The good mixing in the horizontal distribution is due to the high
amount of particles passing through the active region.
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Fig. 12. Frequency curves of the concentration of radio 3 for each operating conditions.

D. Analysis of the axial profile of Mixing for the Cascading Regime

The mixing grade in the axial profile of particles was calculated by averaging the fraction of orange particles
of six slices of particle bed (Fig. 4) in the time. Figure 13 shows the images of dice 1 in the time, which indicate
the change of particle distribution, corresponding at 2,8, 13,7 y 46,2 seconds.

a 28s b) 13,7s c) 46,2s
Fig. 13. Images of dlice 1 showing axial profile of particlesat 2,8 s, 13,7 sy 46,2 s.
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Figures 14, 15 and 16 show the frequency distribution of red particles of images shown in Fig. 13. The
particle distribution at 2,79 s is bimodal due to segregation of components as indicated in Fig. 13a; while, the
particle distributions at 13,7 and 46,2 s are unimodal, similar to the Gaussian. Although, the dispersion of
particlein the 46,2 s (Fig. 16) islower thanin the 13,7 s (Fig. 15).
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Fig. 14. Histogram of concentration for axial profilein cascading regime - horizontal distribution, 2,8 s
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Fig. 15. Histogram of concentration for axial profile in cascading regime - horizontal distribution, 13,7 s
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The homogenization grade of mixing follows a Gaussian phenomenon as observed in Fig. 17 for both particle
distributions at 46,2 s. The dispersion of particle for vertical and horizontal distributions is low and similar
between them; therefore, the mixtures have high homogenization grade.

Fig. 17. Frequency distribution of concentration for vertical and horizontal distributions at 46,2 s.

1'V.CONCLUSION

In this work was evaluated the composition and homogenization grade of the particle mixing in the cascading
regime using as factors the vertical and horizontal distributions. From the results obtained, the following
conclusions can be drawn: the homogenization degree is highest in internal radium for the radial profile, due to
the highest number of random collisions of particles in the active zone. Also, the vertical distribution has lower
dispersion than horizontal distribution by a closeness of the RSD between different radial zones, due to high
interfacial area between two components in the vertical distribution, where a small amount of movement is
necessary to obtain efficient mixing. On another hand, the particle distribution at initial time of mixing is
bimodal due to segregation of components; while, the particle distribution at final time is unimodal, indicating
highest homogenization, similar to the Gaussian. The image analysis and solidification technique permit to
study the internal composition of the mixing bed, which can be beneficia to avery wide range of industries like
pharmaceuticals, metallurgy, ceramics, polymers and food processing.

ACKNOWLEDGMENT
The authors would like to thank the University of Cartagena by the loan of equipments.

REFERENCES

[1] R.Weinekétter and H. Gericke, H. Mixing of solids: Particle Technology ser. Book 12, 1st ed., Berlin, Germany: Springer, 2000.

[2] P.W. Cleary and M.D. Sinnott, Assessing mixing characteristics of particle-mixing and granulation devices, Simulation and Modeling
of Particulate Systems, vol. 6 (6), pp. 419-444, Dec. 2008.

[3] A. Sarkar and C.R. Wassgren, “Simulation of a continuous granular mixer: effect of operating conditions on flow and mixing”, Chem.
Eng. Sci., vol. 64 (11), pp 2672-2682, June 2009.

[4] Y.L.Ding, R. Foster, JP.K. Seville and D.J. Parker, “Granular motion in rotating drums. bed turn over time and slumping - rolling
transition”, Powder Technology, vol. 124 (1-2), pp. 18-27, April 2002.

[5] J Mellman, “The transverse motion of solids in rotating cylinders—forms of motion and transition behavior”, Powder Technology,
vol. 118 (3), pp. 251-270, Aug. 2001.

[6] S.Y.Lim, JF. Davidson, R.N. Forster, D.J. Parker, D.M. Scott and J.P.K Seville. “Avalanching of granular material in a horizontal
slowly rotating cylinder: PEPT studies’, Powder Technology, vol. 138 (1), pp. 25-30, Nov. 2003.

[7] G.R.Woodleand JM. Munro, “Particle motion and mixing in arotary kiln”, Powder Technology, val. 76 (3), pp. 241-245, Sep. 1993.

[8] R.Y. Yang, AB. Yu, L. McElroy and J. Bao, “Numerical simulation of particle dynamics in different flow regimes in a rotating
drum”, Powder Technology, vol. 188 (2), pp. 170-177, Dec. 2008.

[9] H.H. Berthiaux, V. Mosorov, L. Tomczak, C. Gatumel and J.F. Demeyre, “Principal component analysis for characterising
homogeneity in powder mixing using image processing techniques’, Chemical Engineering and Processing: Process Intensification,
vol. 45 (5), pp. 397-403, May 2006.

[10] S. Muerza, H. Berthiaux, S. Massol-Chaudeur and G. Thomas, “A dynamic study of static mixing using on-line image analysis’,
Powder Technology, vol. 128 (2-3), pp. 195-204, Dec. 2002.

[11] C. Veésguez and A. Realpe, “Image Processing and analysis for determination of concentracion of powders mixtures’, Powder
Technology, vol. 134 (3), pp. 193-200, Sep. 2003.

[12] F. Da Grande, A. Santomaso and P. Canu, “Improving local composition measurements of binary mixtures by image anaysis’,
Powder Technology, vol. 187 (3), pp. 205-213, Nov. 2008.

[13] L. Obregdn, A. Realpe, C. Rinaldi and C. Veldzquez, “Mixing of granular materials. Part |: Effect of periodic shear”, Powder
Technology, vol. 197 (1-2), pp. 9-16, Jan. 2010.

ISSN : 0975-4024 Vol 7 No 2 Apr-May 2015 403



Alvaro Realpe et al. / International Journal of Engineering and Technology (1JET)

[14] A. Santomaso, M. Olivi and P. Canu, “Mixing kinetics of granular material in drums operated in rolling and cataracting regime”,
Powder Technology, vol. 152 (1-3), pp. 41-51, April 2005.

[15] C. Wightman, F.J. Muzzio and J. Wilder, “A quantitative image analysis method for characterizing mixtures of granular materials’,
Powder Technology, vol. 89 (2), pp. 165-176, Nov. 1996.

[16] B. Daumann and H. Nirschl, “Assessment of the mixing efficiency of solids mixtures by means of image analysis’, Powder
Technology, vol. 182 (3), pp. 415-423, March 2008.

[17] J. Third, D.M. Scott and S.A. Scott. “Axial dispersion of granular materia in horizontal rotating cylinders’, Powder Technology, vol.
203 (3), pp. 510- 517, Nov. 2010.

[18] O.S. Sudah, D. Coffin-Beach and F.J. Muzzio, “ Quantitative characterization of mixing of free flowing granular material in tote (bin)
blenders’, Powder Technology, vol. 126 (2), pp. 191-200, July 2002.

[19] A.A. Aissa, C. Duchesne and D. Rodrigue. “Polymer powder mixing part |: mixing characterization in rotating cylinders’, Chemical
Engineering Science, vol. 65 (2), pp. 786-795, Jan. 2010.

[20] L. Obregdn, A. Realpe and C. Veldzquez, “Mixing of granular materials. Part I1: effect of particle size under periodic shear”, Powder
Technology, val. 201 (3), pp. 193-200, Aug. 2010.

[21] K. W. Carley-Macauly and M.B. Donald, “The mixing of solids in tumbling mixers — 1", Chemical Engineering Science, vol. 17 (7),
pp. 493-506, July 1962.

[22] R. Gosselin, C. Duchesne and D. Rodrigue, “On the characterization of polymer powders mixing dynamics by texture analysis’,
Powder Technology, vol. 183 (2), pp. 177-188, April 2008.

[23] A. Santomaso, M. Olivi and P. Canu, “Mechanisms of mixing of granular materials in drum mixers under rolling regime”, Chemical
Engineering Science, vol. 59 (16), pp. 3269-3280, Aug. 2004.

[24] C. Wightman and F.J. Muzzio, “Mixing of granular material in a drum mixer undergoing rotational and rocking motions |. Uniform
particles’, Powder Technology, vol. 98 (2), pp. 113-124, Aug. 1998.

[25] R. G. Sherrit, “Three-Dimensional Particle Diffusion in a Rotating Drum Reactor”, Ph.D. Eng. thesis, University of Calgary, Ottawa,
Canada, Sep, 2001.

[26] A. Ingram, J. Seville, D. Parker, X. Fan and R. Forster, “Axia and radial dispersion in rolling mode rotating drums’, Powder
Technology, vol. 158(1-3), pp. 76-91, Oct. 2005.

AUTHOR PROFILE

Alvaro Realpe Jiménez is an Assistant Professor of Chemical Engineering Department of University of
Cartagena. He received his B.S. in chemical engineering from University of Atlantico, Barranquilla, Colombia,
1998. He received his M.Sc. in chemical engineering from University of Puerto Rico, Puerto Rico, USA, 2002.
He received his Ph.D. in chemical engineering from University of Puerto Rico, Puerto Rico, USA, 2007. His
research areas include polymeric membrane for fuel cell, renewable energy and powder mixing.

Karen Barriosis a chemical engineer of University of Cartagena, Cartagena, Colombia 2012. She was a
Research scholar in the Chemical Engineering Program, University of Cartagena, Cartagena. Current, she is
Ph.D student in Department of Chemical Engineering of University of Puerto Rico. Her areas of research
interests are polymer and powder mixing.

Martha Rozois a chemical engineer of University of Cartagena, Cartagena, Colombia 2012. Current, sheis an
student of Master in Department of Chemical Engineering of University of Puerto Rico. Her area of research
interests is powder mixing.

ISSN : 0975-4024 Vol 7 No 2 Apr-May 2015 404



	Assessment of Homogenization Degree ofPowder Mixing in a Cylinder RotatingUnder Cascading Regime
	Abstract
	Keyword
	I. INTRODUCTION
	II. MATERIALS AND METHODS
	III.RESULTS AND DISCUSSION
	IV.CONCLUSION
	ACKNOWLEDGMENT
	REFERENCES
	AUTHOR PROFILE




