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LIST OF SYMBOLS 

(Continued) 
 

z Height of iso-surface 

ε Turbulent energy dissipation rate 

θ Non-dimensional mixing time 

μ Dynamic viscosity 

μt Turbulent viscosity 

ν Kinematic viscosity 

ρ Density 

σk Turbulent Prandtl number of k 

σε Turbulent Prandtl number of ε 

τ Torque 

ω Angular velocity 
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Figure 2.1  Schematic diagram of laboratory LDV experimental set-up. 
 

In an actual measurement, the beams were made to converge inside Apparatus 2 

vessel.  The water in Apparatus 2 vessel was seeded with neutrally buoyant 10 μm silver 

coated particles (Dantec Measurement Technology USA, Mahwah, NJ, USA) that could 

follow the fluid flow pattern very closely.  Apparatus 2 vessel was mounted on an x-y-z 

traversing system that could position the vessel at any desired location in front of the 

LDV probe.  The beams were made to converge inside the vessel, thus enabling the fluid 

velocity to be measured at any desired location in the dissolution vessel.  The time 

interval for each measurement was typically 60 seconds.  In most cases, some 600 to 

2500 instantaneous velocity data points were collected at any location and for the 

selected velocity component, from which the local average velocity could be calculated.  

Appropriate rotation of the fiber optic probe and translation of the dissolution testing 

system assembly yielded the velocity components in all three directions at any location 

where a measurement is taken.  Triplicate experiments were conducted for each velocity 

component at each location.  The standard deviation was typically 0.001 m/s. In order to 

fully quantify the fluid flow in the dissolution system, eight horizontal surfaces (iso-

surfaces) were selected inside the vessel, as shown in Figure 2.2.  The bottom of the 
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Simulated mixing time in modified Apparatus 2 decreases by 6.4% at 50 rpm 

compared to Apparatus 2, and by 3.7% and 2.9%, respectively, at 75 and 100 rpm.  The 

experimental mixing time in modified Apparatus 2 decreased by 9.1%, 7.7% and 12.9% 

compared to Apparatus 2 at 50, 75 and 100 rpm (Table 6.3). 

 

Table 6.3  Percentage of Mixing Time Decreased in Modified Apparatus 2 Compared 
with Standard Apparatus 2 at Different Agitation Speeds 
 

Percentage of mixing time decrease (%) 
 

50 rpm 75 rpm 100 rpm 

Experimental 9.1 7.7 12.9 

CFD 6.4 3.7 2.9 

 

The experimental results validate the CFD simulation approach used here for the 

USP Apparatus 2.  The order of magnitude of mixing time is much smaller than the time 

of typical dissolution testing, indicating that once the dissolved active pharmaceutical 

ingredient (API) leaves the boundary around the drug tablet and enters the bulk solution, 

it distributes itself throughout the USP apparatus 2 very quickly [17].  

It is clear that in Apparatus 2 and modified Apparatus 2, the faster the agitation 

speeds, the shorter the mixing time is.  Mixing time in modified Apparatus 2 is improved 

to some extent.  Although the Reynolds numbers are the same in Apparatus 2 and 

modified Apparatus 2, the flow pattern changes.  When the shaft and impeller are moved 

to the side, the flow pattern in modified Apparatus 2 is no longer symmetric.  Instead, an 

asymmetric flow field results, generating a sort of baffling effect, which can effectively 
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prevent the formation of vortex and decrease the mixing time.  The simulated mixing 

times matched very well the experimental mixing times. 

6.4.2 Dimensionless Mixing Time 

In a baffled mixing vessel, the non-dimensional mixing time was found by Grenville and 

Nienow [81] (Equation 6.8). 
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where Po is the impeller power number; T is the vessel diameter; H is the liquid height 

and D is the impeller diameter.  This equation was derived for baffled mixing vessel 

under turbulent regime, when 0.33<D/T<0.50, C/T=0.33, 0.5<H/T<1.0. 

The dimensionless mixing time, t95N in Apparatus 2 and modified Apparatus 2 are 

listed in Tables 6.4 and 6.5.  Mixing time, t95 has the dimension of second, and agitation 

rate has the dimension of 1/second, therefore, the product of t95 and N is dimensionless, 

which is the non-dimensional mixing time. 

 
Table 6.4  Dimensionless Mixing Time in Standard Apparatus 2 at Agitation Speeds of 
50, 75 and 100 rpm (500 mL Solution) 
 

Dimensionless mixing time 
 

50 rpm 75 rpm 100 rpm 

Experimental 17.4±0.4 19.4±0.6 23.2±1.3 

CFD 18.2 20.3 23.3 
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Table 6.5  Dimensionless Mixing Time in Modified Apparatus 2 at Agitation Speeds of 
50, 75 and 100 rpm (500 mL Solution) 
 

Dimensionless mixing time 
 

50 rpm 75 rpm 100 rpm 

Experimental 15.8±0.7 17.9±0.8 20.2±1.0 

CFD 17.0 19.5 22.7 

 

The non-dimensional mixing time obtained from Tables 6.4 and 6.5 are plotted in 

terms of agitation rates in Figures 6.7 and 6.8.  The experimental non-dimensional mixing 

times in Apparatus 2 (Figure 6.7) are 17.4, 19.4 and 23.2 seconds at 50, 75 and 100 rpm, 

respectively.  The predicted non-dimensional mixing times are 18.2, 20.3 and 23.3 

seconds at 50, 75 and 100 rpm, respectively.  In other terms, the predicted non-

dimensional mixing times are 4.6%, 4.6% and 0.4% higher than the experimental results 

at three agitation rates.  Apparently, the non-dimensional mixing time increases slightly 

with agitation rates.  This is not unexpected since the standard Apparatus 2 is an 

unbaffled system, with D/T=0.74, C/T=0.25, 0.5<H/T<0.3. 
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Figure 6.7  Dimensionless mixing time at agitation speeds of 50, 75 and 100 rpm in 
standard Apparatus 2 (500 mL solution). 
 

In Figure 6.8, the experimental non-dimensional mixing times in the modified 

Apparatus 2 are shown to be 15.8, 17.9, 20.2 at 50, 75 and 100 rpm, respectively.  The 

predicted non-dimensional mixing time are 17.0, 19.5, 22.7 seconds at 50, 75 and 100 

rpm, respectively.  In other terms, the predicted non-dimensional mixing times are 7.6 %, 

8.9 % and 12.4 % higher than the experimental results at three agitation rates.  Even in 

this case, the non-dimensional mixing time increases slightly with agitation rates.  

Although the impeller was moved off centered in the modified Apparatus 2, which 

resulted in an asymmetric flow pattern, the mixing performance in the modified 

Apparatus 2 was still not exactly the same as in a baffled mixing vessel where the non-

dimensional mixing time is typically constant. 
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Figure 6.8  Dimensionless mixing time at agitation speeds of 50, 75 and 100 rpm in 
modified Apparatus 2 (500 mL solution). 
 

6.5 Conclusions 

Experiments have been undertaken in Apparatus 2 and modified Apparatus 2 to study the 

effect of the impeller position and agitation rates on mixing time.  Discoloration method 

was successfully employed here to get the mixing time.   

The position of impeller plays an important role on the mixing time.  The mixing 

time in 500 mL modified Apparatus 2 is found to be much shorter than mixing time in 

500 mL standard system at all agitation rates both from experiments and simulations.  

Compared to the results obtained from Chapter 5, increasing the power consumption is 

also found to reduce mixing time.  The mixing time becomes shorter while increasing the 

agitation speed, which is expected. 

The CFD models presented here correctly predicts mixing time considering the 

effects of impeller speed and impeller location.  This shows that the transport species 
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method can be a valuable tools for studying the mixing time in Apparatus 2 and modified 

Apparatus 2.  

In addition, the non-dimensional mixing time was obtained for Apparatus 2 and 

modified Apparatus 2 at different agitation rates.  Unlike conventional baffled mixing 

vessel, non-dimensional mixing time increases slightly with agitation rates for both 

Apparatus 2 and modified Apparatus 2. 

By examining mixing time, it is easier to understand that homogeneity in 

Apparatus 2 is achieved at a faster than in the standard USP Apparatus 2. 
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CHAPTER 7  

CONCLUSIONS 

In this study, computation and experimental work was conducted to (a) quantify the roles 

of some key hydrodynamic variables of importance for the standard Apparatus 2 system 

and determine their impact on the dissolution profiles of solid dosage forms, and (b) 

design and test a modified Apparatus 2 that can overcome the major limitations of the 

standard system, and especially those related to the sensitivity of the current apparatus to 

tablet location. 

From the hydrodynamic point of view, the standard USP Apparatus 2 and 

modified Apparatus 2 have been characterized in terms of velocity distribution by Laser 

Doppler Velocimetry (LDV) and Particle Image Velocimetry (PIV).  Two common fill 

levels were investigated, corresponding to volumes equal to 500 mL and 900 mL.  The 

agitation intensities that were investigated were 50, 75 and 100 rpm, which are the 

prescribed agitation speed commonly encountered in the industrial practice according to 

USP [1].   

It was found here, that in the standard system, the velocity distributions from 

LDV and PIV were very similar and only little affected by the liquid volume.  Similar 

flow patterns were observed at 50, 75 and 100 rpm.  The tangential velocity plays a 

predominant role in the whole vessel.  The axial and radial velocities are significantly 

lower compared to the tangential velocity.  However, the non-dimensional velocity 

profiles and the flow patterns at different impeller agitations speed were generally very 

similar to each other in Apparatus 2.  The fluid flow in the bottom region of Apparatus 2 
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is highly non-uniform.  Even when agitation rate is increased, the flow remains highly 

non-uniform, especially near the tank bottom.   

Two regions were observed in the bottom zone of the vessel, i.e., a central, low-

velocity inner core region, and an outer recirculation loop below the impeller, rotating 

around the central inner core region.  This core region typically persisted, irrespective of 

the impeller agitation speed.  Computation Fluid Dynamics (CFD) was additionally used 

to predict velocity profiles.  Typically, the CFD predictions matched well the 

experimental results.   

The results of this work and of previous work with the standard USP Apparatus 2 

confirm that this apparatus is very sensitive to the location of the tablet, which is typically 

not controlled in a typical test since the tablet is dropped into the vessel at the beginning 

of the test and it may rest at random locations on the vessel bottom.   

Therefore, in this work a modified USP Dissolution Testing Apparatus 2, in 

which the impeller was placed 8-mm off-center in the vessel, was designed and tested.  

This design eliminates the poorly mixed inner core region below the impeller observed in 

the standard Apparatus 2 vessel.  Dissolution tests were conducted with the Modified 

Apparatus for different tablet locations using both disintegrating calibrator tablets 

(Prednisone) and non-disintegrating calibrator tablets (Salicylic Acid) tablets.  The 

experimental data clearly showed that all dissolution profiles in the Modified Apparatus 

were not affected by the tablet location at the bottom of the vessel.  This design can 

effectively eliminate artifacts generated by having the tablet settle randomly at different 

locations on the vessel bottom after dropping it at the beginning of a dissolution testing 

experiment. 
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The fluid velocity profiles inside modified the Apparatus 2 were obtained via 

LDV at three impeller agitations speeds as well, namely 50 rpm, 75rpm and 100 rpm.  

Experimental measurements in the modified Apparatus 2 showed that the velocity 

profiles and flow pattern are significantly altered by the presence of the impeller in an 

offset position.  Tangential velocities are still the stronger components of the velocity at 

any location even in modified Apparatus 2.  However, axial and radial velocities are 

significantly higher than in the standard Apparatus 2.  In addition, the velocity profiles 

near the bottom of the vessel were found to be significantly more uniform than in the 

standard Apparatus 2, because of the elimination of the poorly mixed zone below the 

impeller.   

The fluid velocity profiles were also computationally obtained via Computational 

Fluid Dynamics (CFD) at three impeller agitations speeds in both systems.  The 

predictions obtained with CFD where the k-ε model was used to account for turbulence 

effects were validated with the experimental results.  In general, good agreement was 

found between the experimental velocity measurements and CFD predictions.   

The power dissipated by the impeller in the standard Apparatus 2 and the 

modified Apparatus 2 was experimentally measured using a frictionless system coupled 

with torque measurement.  CFD was additionally used to predict the power consumption, 

using two different approaches, one based on the integration of the local value of the 

energy dissipation rate, and the other based on the prediction of the pressure distribution 

on the impeller blade, from which the torque and the power required to rotate the impeller 

were predicted.  The agreement between the experimental data and both types of 

numerical predictions was found to be quite satisfactory in most cases.  The results were 
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expressed in terms of the non-dimensional Power number, Po, which was typically found 

to be on the order of ~0.3.  The power number was observed to decrease very gradually 

with increasing agitation speeds.  In general, the power dissipated in the modified 

Apparatus 2 was higher than in the standard system, as expected. 

Finally, the mixing time in the modified system, as experimentally measured by 

using a decolorization method and computationally predicted through CFD simulation, 

was found to be shorter in the modified Apparatus 2 by 7.7 %-12.9 % as compared to 

Apparatus 2.  The CFD model correctly predicted mixing time considering the effects of 

impeller speed and impeller location.  This shows that the transport species method used 

to generate mixing time results can be a valuable tool for studying the mixing time in 

Apparatus 2 and modified Apparatus 2.  From the determination of the mixing time, it is 

easier to understand that achieving liquid homogeneity in Apparatus 2 is a much faster 

process than tablet dissolution.  In addition, non-dimensional mixing time was obtained 

in Apparatus 2 and in modified Apparatus 2 at different agitation rates and was found to 

be relatively constant.   

It can be concluded that the modified Apparatus 2 is a more robust testing 

apparatus, which is capable of producing dissolution profiles that are less sensitive to 

small geometric factors that play a major role in the standard USP Apparatus 2. 
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APPENDIX A 

VELOCITY DISTRIBUTIONS BY PARTICLE IMAGE VELOCIMETRY 

Figures A.1 to A.3 show the tangential, axial and radial velocity distributions in standard 

Apparatus 2 (900 mL water) from PIV, respectively. Figures A.4 to A.6 show the 

tangential, axial and radial velocity distributions in standard Apparatus 2 (500 mL water) 

from PIV, respectively. 
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Figure A.1  PIV measurements for tangential velocities on eight iso-surfaces at different 
agitation speeds in standard Apparatus 2 (900 mL water). 
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Figure A.2  PIV measurements for axial velocities on eight iso-surfaces at different 
agitation speeds in standard Apparatus 2 (900 mL water). 
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Figure A.3  PIV measurements for radial velocities on eight iso-surfaces at different 
agitation speeds in standard Apparatus 2 (900 mL water). 
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Figure A.4  PIV measurements for tangential velocities on eight iso-surfaces at different 
agitation speeds in standard Apparatus 2 (500 mL water). 
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Figure A.5  PIV measurements for axial velocities on eight iso-surfaces at different 
agitation speeds in standard Apparatus 2 (500 mL water). 
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Figure A.6  PIV measurements for radial velocities on eight iso-surfaces at different 
agitation speeds in standard Apparatus 2 (500 mL water). 
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APPENDIX B 

SOLID SUSPENSION SPECTRUM 

Figures B.1 and B.2 show the solid suspension diagrams in standard Apparatus 2 and 

modified Apparatus 2 at an agitation speed of 50 rpm (900 mL water), respectively. 
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Figure B.1  Solid suspension diagram in standard Apparatus 2 at an agitation speed of 50 
rpm (900 mL water). 
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Figure B.2  Solid suspension diagram in modified Apparatus 2 at an agitation speed of 
50 rpm (900 mL water). 
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