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3.3.2 Sensor location 

Sugar spheres were loaded into the acrylic shell to observe the motion of the particles 

(Figure 3.3).  Initially the particles were at the bottom of the V-shell  (Figure 3.3a) and 

then, as the rotation began, the particles slid down one side of the V-shell and impacted 

upon the  inner portion of the top lid and slid along the lid towards the outside (Figure 

3.3b). The particles continued to split and fill each arm of the V-shell (Figure 3.3c) 

eventually becoming fully split into the two arms (Figure 3.3d). As the rotation 

continued, the particles then slid down the other side of the V-shell (Figure 3.3e) and 

eventually accumulating at the bottom of the V-shell (Figure 3.3f). This pattern continued 

with each rotation.  
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amplitude of the first grouping showed the largest increase with particle size.  Vibrations 

in this first grouping were partially due to the impact of the particles on the lid with the 

sensor attached.  Vibrations in the second and third groupings were either from particle 

sliding motion or showed dampening during transmission to the sensor and therefore 

these were not as sensitive to changes in the particle size. 

 

Figure 3.7: Effect of particle size on vibration amplitudes for sugar spheres 

3.3.4 Effect of fill level 

To investigate the effect of fill level on the acoustic emissions, the fill level of 16-20 

mesh white sugar spheres was varied in the 8 QT V-shell.  The filtered acoustic 

measurements are shown in Figure 3.8. As the fill level increased, the characteristic 

groupings of vibrations described and shown in Figure 3.5 began to change.  The second 

and third groupings merged at fill levels of 60% and 75% volume capacity.  The larger 

volumes of particles resulted in overlapping of the sliding of particles along the side of 

the V-shell and falling and impacting particles at the base of the V-shell.  At a very high 

fill level of 75% of the shell volume capacity, the first grouping of vibrations also 

changed.  The very large volume of particles significantly restricted particle movement.  

The distance from the top of the bed of particles resting at the bottom of the V-shell to the 

lid decreased from 22.9 cm to 19.0 cm to 16.5 cm as the fill level was increased from 40 

to 60 to 75% volume capacity.  This change reflected the decrease in distances that a 

particle could fall unimpeded within the V-shell before collision with another particle or 
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(a) 

 
(b) 

 
(c) 

 

Figure 3.8: V-blender filled at (a) 40%, (b) 60%, and (c) 75% of capacity with sugar 

spheres 
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Figure 4.2: Particle size distributions of the powders 

Figure 4.3 shows the scanning electron images of the powders at 250x magnification.  

The three cellulose based powders all had a fibrous type profile with a very irregular 

shape.  The PVP was more spherical, but still showed a fibrous surface morphology.  In 

contrast, the corn starch was almost spherical with a smooth surface and the potato starch 

was ovoid with a smooth surface.  
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Figure 4.3: Scanning electron micrographs of the powders 

4.3.2 Moisture adsorption isotherms 

Figure 4.4 shows the moisture adsorption isotherms of the powders.  The data was fitted 

using least squares regression to the GAB equation (10): 

  
           

                                
                                                                         (eq. 6) 



75 

 

 

 

 

Figure 4.4: Moisture adsorption isotherms of the tested powders 

where W is the mass of water taken up per gram of solid, Wm is the mass of water sorbed 

equivalent to monomolecular coverage, P/Po is the relative water vapour pressure and K 

and CG are constant parameters of the GAB equation.  The parameters obtained from the 
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fitted GAB equation are summarized in Table 4.2.  A second transition, Wg, can be 

identified on isotherms at the point at which the isotherm curves rapidly upward.  The 

values of Wg obtained from the experimental isotherms are also listed in Table 4.2. 

Table 4.2: Summary of parameters from the fitted GAB equation 

Powder Wm CG K Wg 

MCC 0.029 17 0.80 0.050 

CMC 0.071 16 0.82 0.100 

HPMC 0.029 3.6 0.80 0.035 

PVP 0.120 1.9 0.85 0.300 

Corn Starch 0.089 18 0.60 0.110 

Potato Starch 0.087 37 0.72 0.170 

MCC microcrystalline cellulose, CMC carboxymethyl cellulose, HPMC hydroxypropyl methylcellulose, PVP polyvinylpyrrolidone, 

Wm mass of water sorbed equivalent to monomolecular coverage, K and CG are constant parameters of the GAB equation, Wg point 

at which the isotherm curves rapidly upward 

4.3.3 Flowability 

Flowability was examined using the Hausner ratio, Carr index, static angle of repose and 

avalanche behaviour.  General trends with increasing moisture content were obtained for 

the Hausner ratio, Carr index and static angle of repose.  Figure 4.5shows the avalanche 

times and the standard deviations for the powders.  The variation with increasing 

moisture content for corn starch was completely different than for the other tested 

powders. 
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Figure 4.5: Avalanche times and standard deviations for (a) MCC, (b) CMC, (c) 

HPMC, (d) PVP, (e) Corn starch and (f) Potato starch 

4.3.4 Dynamic density 

The dynamic density of the powders was measured using the Revolution Analyzer.  The 

dynamic density of the celluloses and the PVP decreased linearly with increasing 

moisture content (Figure 4.6a) while the relationship for the starches was more complex 
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as the dynamic density did not decrease until a critical moisture content was reached 

(Figure 4.6b). 

 

 

Figure 4.6: Dynamic density measurements of (a) the celluloses and PVP and (b) the 

starches 

4.4 Discussion 

The moisture adsorption isotherms shown in Figure 4.4 were fitted using least squares 

regression to the GAB equation.  The parameters listed in Table 4.2are similar to the 

ranges reported in the literature (3, 6, 7, 10, 12, 24).  With the exception of PVP, all of 

the powders showed s-shaped adsorption isotherms indicating Type II isotherms.  This 

type of isotherm has also been reported in the literature for these powders (8, 9, 14, 25-

27).  PVP showed a Type III isotherm with the moisture content increasing very rapidly 

at high air humidities; Oksanen and Zografi (6) also reported a Type III isotherm for 


