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Chapter 4

Characterization of Single Phase Flows in Stirred Tanks Via Computer Automated Radioactive Particle Tracking (CARPT)

4.1 Introduction

In this chapter a detailed quantitative assessment of the accuracy of the CARPT technique is provided. Comparison of the complete three dimensional mean velocity profiles from CARPT with similar PIV, LDA and other data is made. Further, comparisons of the fluctuating velocity components, like the root mean squared (rms) velocity and the turbulent kinetic energy are also reported in this chapter. In addition, the three dimensional profiles of the components of the Reynolds stress tensor are reported and discussed. Some Lagrangian measures of the fluid dynamics like Circulation time distributions (CTDs) and Hurst exponents are evaluated from the collected CARPT data. 

4.2 Results and Discussions

The CARPT technique’s ability to capture some of the key qualitative features of the flow in stirred tanks has already been described in detail (Chapter 3 and Rammohan et. al., 2001). The validity of the acquired velocity data was established by showing that it satisfies the mass balance. The technique’s ability to capture the three dimensional recirculating loops above and below the impeller has been confirmed both qualitatively and quantitatively. Further, CARPT’s ability to capture some of the other important characteristics of the flow in STR have been discussed in Chapter 3 and by Rammohan et. al. (2001).

In this chapter detailed quantitative comparisons of the velocity and turbulence measurements are provided. Further based on the findings (in Chapter 2) related to scaling of velocities and turbulent kinetic all velocities in this chapter have been non-dimensionalized by the impeller tip speed, the turbulent kinetic energy by 
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 and the spatial co-ordinates with the tank diameter.

4.2.1 Grid Independence of Computed Mean Quantities:

Three different grids summarized in Table 4-1 were examined in this study. 

Table 4-1. Details of the Grids Examined in This Study.

	Grid Parameters
	Grid I (GI)
	Grid II (GII)
	Grid III (GIII)

	NI
	36
	72
	72

	NJ
	10
	40
	20

	NK
	20
	80
	40

	r (cm)
	1.0
	0.25
	0.5

	z (cm)
	1.0
	0.25
	0.5

	 (degrees)
	10O
	5O
	5O


NI is the number of compartments in the angular direction, NJ is the number of compartments in the radial direction and NK is the number of compartments in the axial direction. For each grid used the radial and the axial variation of the radial velocity, the tangential velocity and the axial velocity were examined. The radial variation of the velocities were examined at three different axial planes (Z1=D/5, Z2=D/3 and Z3=D/2, where D is the tank diameter). The first and the third axial planes correspond to the axial locations of the eye of the lower and the upper recirculation loops, respectively (Rammohan et al., 2001). The second axial plane corresponds to the impeller midplane. Similarly, the axial variation of the velocities was examined at three different radial 
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locations (r1=D/6, r2=D/3 and r3=2D/5). The first radial location lies at the impeller tip and the third radial location corresponds to the radial co-ordinate of the eye of the two recirculation loops. The results at a few select conditions are reported below in Figure 4-1 (For more detailed comparisons refer to Appendix A and Rammohan et. al., 2001b). The velocities reported in these figures have been non-dimnesionalized with impeller tip speed.

Figure 4-1(a). Radial Profile of Radial Velocity at Z2= D/3
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Figure 4-1(b). Axial Profile of Axial Velocity at r1= D/6
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Figure 4-1(c). Radial Profile of Tangential Velocity at Z2= D/3

Due to current limited duration of CARPT runs there are inadequate statistics when one uses very fine grids (i.e. insufficient number of particle visits) and, therefore, at present we cannot tell whether current CARPT results are completely grid independent. However, the results presented so far are encouraging since for a number of variables the finer grids II and III produced results that are very close. Therefore we will use grid III for further interpretation of all data.

4.2.2 Comparison of Radial Pumping Numbers from CARPT with Data in the Literature

An important feature of the radial discharge flow is the outlet velocity profile across the blade height. A measure of the amount of fluid pumped by the impeller can be obtained from this profile, and is typically defined by the relationship:
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where DI = Impeller Diameter, b = blade height. It must be mentioned here that not all researchers use the same vertical limits for integrating the radial velocity profile. Some researchers like Wu and Patterson (1989) integrate up to the point where the radial 

velocities become zero (which may not correspond to the ends of the impeller blade).

The impeller radial flow number (Fl), or the pumping number, can be defined as:
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The radial pumping number calculated from CARPT data by equation (4.1) has been compared with other values for 
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 in the literature. The CARPT determined values are seen to be within the reported band of results, as shown in Figure 4-2. In this figure the 
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Figure 4-2. Radial Profile of Radial Pumping Number 
CARPT results are compared with LDA data obtained by Wu and Patterson (1989), Ranade and Joshi (1990), Stoots and Calabrese (1995) and with HFA data of Drobolov et al. (1978) and HWA data of Cooper and Wolf (1967). The pumping number at the impeller tip from CARPT measurements is 0.67. This compares very well with the value of 0.64 reported by Stoots and Calabreese (1995) but is lower than the standard value of 0.75 reported in the literature. It is clear from Figure 4-2 that Wu and Patterson’s (1989) pumping numbers are higher than all the other reported values. However, Wu and Patterson (1989) carry out their integration up to the point where the radial velocity 

becomes zero. Hence, their integration covers a larger control volume which is responsible for their larger radial pumping numbers. This difference in the domain of integration accounts also for the difference between Ranade and Joshi’s (1990) and Wu and Patterson’s (1989) radial pumping numbers though both are obtained using LDA measurements. The radial pumping numbers obtained by Ranade and Joshi (1990) are higher than those of Stoots and Calabreese (1995) because the former account for time resolved, or 360o ensemble averaged data, while the latter are based on phase averaged velocities. Phase averaged measurements (refer to Figure 2-5(b), Chapter 2) account for the relative location of blade w.r.t measurement point and collect samples in bins of 1o – 5o while ensemble averaged measurements don’t account for the relative location of the blade w.r.t measurement point. Rutherford et al. (1996) report that phase averaged velocity measurements result in 15% lower pumping numbers than the ensemble averaged pumping numbers. The ratio of blade and disc thickness to impeller diameter (tb/DI and tDI/DI) for the above two studies of Ranade and Joshi (1990) and Stoots and Calabreese (1995) is 0.020 and 0.030, respectively. Therefore, the higher blade thickness to impeller diameter ratio of Stoots and Calabrese (1995) could also be the reason for the lower radial pumping numbers. The values of Stoots and Calabrese (1995) seem to be comparable with the CARPT values. Only Cooper and Wolf’s (1968) and Drobholov et al.’s (1978) values are lower than CARPT. Cooper and Wolf (1968) used pitot tube to measure their radial velocities, while Drobholov et al. (1978) used HFA. The accuracy of their results is poor. In conclusion, CARPT predicts the right trend but the radial pumping numbers from CARPT are somewhat lower (up to 10%) than what one would get if one were to do phase averaged LDA measurement in the same tank.
4.2.3 Comparison of the Mean Radial Velocity in the Impeller Stream Obtained by CARPT with Data from the Literature

We compare CARPT data with the data of Chen et al. (1988), Ranade and Joshi (1990), both obtained by LDA, Cooper and Wolf (1967), obtained by HWA, and Cutter (1967) 

obtained by Streak Photography. The data were obtained in the midplane between the baffles. The comparisons are shown in Figure 4-3, 
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Figure 4-3. Radial Velocity Profile in the Impeller Stream
The bars indicated on the CARPT data correspond to the maximum and minimum values observed in the different mid-planes between the baffles (= 45o, 135o, 225o and 315o). The differences between the measured radial velocity at the impeller tip are summarized below in Table 4-2. This table suggests that the CARPT measurements are lower than the other measurements by about 10-25 %. Figure 4-3, however, suggests that CARPT captures the right qualitative trend. The quantitative comparison in the regions away from the impeller is good (within 10%). It must also be noted that some of these measurements are not very accurate (for eg. Cutter (1966)).

Table 4-2. Comparison of Radial Velocities at the Impeller Tip

	Researcher
	Vrmax/Vtip
(accuracy of data)
	% Deviation from CARPT

	Cutter (1966)
	0.62 (+(-) 20%)
	23%

	Cooper and Wolf (1967)
	0.54
	11%

	Chen et al. (1988)
	0.615 (+(-) 5%) 
	23%

	CARPT (2000)
	0.48
	N.A.


Therefore, comparisons with more recent reports in the literature are provided below in Figure 4-4.
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Figure 4-4. Axial Profile of Radial Velocity at the Impeller Tip 
Here the comparison of CARPT is restricted to LDA data alone since the accuracy of LDA is reported to be higher than that of the other techniques. The differences between the different LDA data and the CARPT measurement are summarized below in Table 4-3.

From Table 4-3 the differences between CARPT measurements and those of the other researchers is seen to vary between 4-51%. The wide scatter in the data is mainly due to two factors. One is the difference in the blade thickness to impeller diameter ratio (Rutherford et al., 1996) and the other is due to data rate bias in the LDA data. The difference between CARPT and Mahouast’s (1987) and Kemoun’s (1991) data is less than 10%. This comparison is very good considering the fact that the current geometry is exactly the same as that used by Mahouast (1987) and Kemoun (1991). Rutherford et al. 

(1996) have reported both ensemble averaged and “phase averaged” velocities for blade thickness to impeller diameter ratio of 0.0337.

Table 4-3 Comparison of Recent Reports of Radial Velocities at the Impeller Tip from LDA Measurements with CARPT

	Researcher
	Vrmax/Vtip

	% Deviation from CARPT

	Mahouast (1987)
	0.50
	4%

	Wu and Patterson (1989, e.a.)
	0.73
	34%

	Wu and Patterson (1989, p.a.)
	0.51
	6%

	Kemoun (1991)
	0.525
	8.6%

	Rutherford et al. (1996) t/DI= 0.008 (e.a.)
	0.98
	51%

	Rutherford et al. (1996) t/DI= 0.008 (p.a.)
	0.72
	33%

	Rutherford et al. (1996) t/DI= 0.0337 (e.a.)
	0.81
	41%

	Rutherford et al. (1996) t/DI= 0.0337 (p.a.)
	0.59
	11%

	CARPT (2000) t/DI= 0.045
	0.48
	______


Their “phase averaged” mean is 27% lower than their ensemble averaged mean. Assuming that this difference can be generalized, we have computed the “phase averaged velocities” for the other ensemble averaged data. Based on this assumption, Wu and Patterson’s (1989) data shows a difference of 6% from CARPT and Rutherford et al.’s (1996) data for t/DI=0.008 shows a 33% difference. Based on the above discussion we conclude that CARPT definitely captures the right qualitative trend and the right order of magnitude. But the CARPT measured velocities seem to be lower (10-20%) than the other data reported in the literature. Given that the current CARPT data was shown to be 

relatively grid independent for the grid used, there would seem to be a loss of information of the velocities elsewhere. Based on the analysis of the possible sources of error in the CARPT measurements (Rammohan et al., 2001) one concludes that the size of the CARPT particle may be the principal contributor to the differences observed (this issue is discussed in greater detail in Chapter 5). The size of the CARPT particle determines the rate at which the data can be sampled (Degaleesan (1997)) and more importantly its flow following capability. This suggests a need to perform CARPT experiments with a smaller particle and subsequently acquire data at higher sampling frequency.

4.2.4 Comparison of the Mean Tangential Velocity in the Impeller Stream from CARPT with Experimental Data in the Literature
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Figure 4-5. Radial Profile of Tangential Velocity in the Impeller Stream 
In Figure 4-5 and Table 4-4 the tangential velocities from CARPT are compared with experimental data reported in the literature. All the comparisons are made at the impeller plane and the angular location corresponding to the mid-plane between the 

baffles. Since there are four midplanes (corresponding to = 45o, 135o, 225o and 315o) between the four baffles the CARPT data is averaged over these four planes.
The bars on the CARPT data represent the maximum and minimum values at these angular locations. It is not clear if the other reported experimental data are based on such an average, or if it corresponds to a single midplane between the baffles.
Table 4-4. Comparison of Tangential Velocities at the Impeller Tip

	Researcher
	Vmax/Vtip
	% Deviation from CARPT

	Cutter (1966)
	0.59
	12%

	Chen et al. (1988)
	0.66
	21%

	Wu and Patterson (1989)
	0.66
	21%

	CARPT (2000)
	0.52
	____


From Figure 4-5 it can be seen that CARPT is able to capture the right qualitative trend of the tangential velocity. Table 4-4 summarizes the comparison of the tangential velocities at the impeller tip. The deviations from LDA and other data are seen to be within 10-21%. As mentioned earlier the accuracy of Cutter’s (1966) data is low (+/- 20%). The differences between CARPT and Wu and Patterson’s (1989) data become progressively lower away from the impeller, while Chen et al.’s (1988) velocities near the wall are 40% and 58% higher than Wu and Patterson’s (1989) and CARPT, respectively. The tank diameter in Chen et al. (1988) experiments was one – third that of Wu and Patterson (1989) and around one half of CARPT’s. It is not clear if this difference in tank diameter is responsible for the observed differences. The comparison of the tangential velocities measured by CARPT with LDA results is shown in Figure 4-6 and Table 4-5. The differences between the LDA data and CARPT at the impeller tip are seen to be within 15-25%. The axial profiles from CARPT are seen to be broader than the LDA measured values. This is due to the fact that the CARPT velocities are cell centered velocities while the LDA data are point measurements. Therefore, in principle with a finer CARPT grid 

one would expect to see a sharper velocity gradient (as seen with LDA data). If the CARPT data were sampled at higher sampling frequencies then such high gradients in velocities could be captured in principle (this has been shown through simulations in Chapter 6).
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Figure 4-6. Axial Variation of the Tangential Velocity in the Impeller Stream at the Impeller Tip 
Table 4-5. Comparison of Tangential Velocities at the Impeller Tip from LDA Measurements with CARPT.

	Researcher
	Vmax/Vtip
	% Deviation from CARPT

	Mahaoust (1987)
	0.68
	24%

	Wu and Patterson (1989)
	0.66
	21%

	Zhou and Kresta (1996)
	0.61
	15%

	CARPT (2000)
	0.52
	____


However, for the set of data presented here the sampling frequencies were limited to 50-60 Hz by the particle size (Degaleesan, 1997). Hence, CARPT experiments with a smaller particle size, with data sampled at higher frequencies and by acquiring data over longer durations (current CARPT runs acquire data over 20 hours) would provide more accurate measurements of the velocities. The longer duration of CARPT runs would ensure greater number of particle occurences in the entire vessel allowing the use of finer grids. If these limitations are overcome one would finally still be limited by the resolution of the CARPT system. Recent studies in CREL (Roy et al. (1999)) have shown that changes in the detector configurations, type of crystal used, source strength can bring about reasonable improvements in the resolution of the system. To conclude, the CARPT measured tangential velocities seem to capture the right qualitative trend and the right order of magnitude of the tangential velocities.

4.2.5 Comparison of the Turbulent Kinetic Energies in the Impeller Stream from CARPT with Data from the Literature

The axial profiles of dimensionless radial turbulent velocities are compared in Figure 4-7. Table 4-6 summarizes the differences at the impeller tip. Wu and Patterson (1989) report both the total turbulent and the fluctuating component calculated after removing the deterministic contribution to the fluctuating velocities. Dyster et al. (1993), Zhou and Kresta (1996) and CARPT (2000) report only the total fluctuating velocity. The differences between these measurements and CARPT are seen to vary from –14% to 45%. While the total turbulent velocities from Dyster et al. (1993) and Wu and Patterson (1989) show one peak at the impeller midplane, the CARPT measurements and Wu and Patterson’s (1989) random components show twin peaks. The location of Wu and Patterson’s (1989) twin peaks are near the impeller center while those from CARPT are near the blade tip. The above comparisons seem to suggest that CARPT is missing some information on the fluctuating velocities. Similar comparison of the turbulent tangential velocities are shown in Figure 4-8 and Table 4-7. These comparisons also suggest that 

CARPT loses information in capturing the fluctuating velocities. Interestingly the difference between the radial and the tangential components of the fluctuating velocities from the different reports is within 0-13%.
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Figure 4-7. Axial Profiles of Vr’/Vtip in the Impeller Plane
Table 4-6. Comparison of Radial Turbulent Velocities at the Impeller Tip

	Researcher
	Vr`/Vtip
	% Deviation from CARPT

	Wu and Patterson (1989) –Total Fluctuating Velocity.
	0.32
	25%

	Wu and Patterson (1989) – Random Component
	0.21
	-14%

	Dyster et al. (1993)
	0.44
	45%

	Rutherford et al. (1996)
	0.26
	8%

	Zhou and Kresta (1996)
	0.40
	40%

	CARPT(2000)
	0.24
	________
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Figure 4-8. Axial Profile of V’/Vtip in the Impeller Plane
The turbulent kinetic energies computed from CARPT data do contain the contributions from periodic fluctuations or pseudo turbulence (Yianneskis et. al., 1987) since these are not angle resolved measurements. The comparison of the profiles of turbulent kinetic energy is shown in Figure 4-9. Differences between CARPT and Wu and Patterson (1989) seem to be as high as 30-50% near the impeller region. The overall CARPT values at different radial locations are also lower than the values reported by Wu and Patterson (1989), Ranade and Joshi (1990) and Costes and Couderc (1988). It was initially thought that this under-prediction might be due to the low sampling frequency (50 Hz) used in CARPT. To confirm this a Fast Fourier Transform of the instantaneous LDA data of 

Kemoun (1995) was performed and found that for points near the impeller most of the energy is contained within frequencies corresponding to the impeller rotation frequency.
     Table 4-7. Comparison of Tangential Turbulent Velocities at the Impeller Tip

	Researcher
	V`/Vtip
	% Deviation from CARPT

	Wu and Patterson (1989)

 – Total Fluctuating Velocity
	0.32
	19%

	Wu and Patterson (1989)

 – Random Component
	0.21
	-24%

	Zhou and Kresta (1996)
	0.35
	26%

	CARPT (2000)
	0.26
	____
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Figure 4-9. Profiles of Turbulent Kinetic Energy
Mujumdar et al. (1970) and Kemoun (1995) have shown this. It turns out that with those frequencies we should be able to capture 70-80% of the turbulent kinetic energy (this 

includes the pseudo turbulence). We analyzed one such instantaneous data set from Kemoun’s thesis (1995) at 420 RPM. The FFT of the data showed a clear peak at 42 Hz corresponding to the first harmonic of the blade rotation frequency (= 420/60 X 6 (number of blades)). We calculated the area under the power spectral density curve and this quantity corresponds to the total turbulent energy associated with the signal at that point (Batchelor, 1953). From this curve we computed the fraction of the total energy associated with different ranges of frequency say 0-10 Hz, 0-20 Hz, 0-30 Hz and so on. We show this below in Figure 4-10:
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Figure 20: Radial Profile of Radial Pumping Number
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Figure 4-10. Fraction of Total Turbulent Energy Associated with a Particular Range of Frequency (0-f)

This plot implies that at 420 RPM by capturing frequencies in the range 0-50 Hz (fsample ~100 Hz) we should be able to capture around 70-80% of the total turbulent energy. Based on the same argument at 150 RPM (first harmonic would be at 150/60 X 60= 15Hz) we would expect that by capturing frequencies between 0-15 Hz (fsample ~30 Hz) we should be able to capture a similar fraction of the total energy. This clearly indicates that in CARPT we are losing turbulence information elsewhere. The next suspect was the 

effect of particle size. Degaleesan (1997) showed that with a particle of 2.3 mm diameter we should be able to capture at least frequencies up to 30 Hz. The conclusions of Degaleesan (1997) were based on a simplistic model. No experiments have been done to verify the validity of this. Hence, a definite need exists to systematically quantify the flow following capabilities of the tracer particle of a finite size. At the end of this discussion we conclude that given the current size of the tracer particle (dP= 2.36 mm) we might ‘actually’ be missing out some information for the turbulence parameters (refer Chapter 5 for a more detailed discussion of this issue).

4.2.6 Reynolds Shear Stress Distributions from CARPT
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These instantaneous velocities obtained by CARPT in various compartments are ensemble averaged to generate the components of the Reynolds’ stress tensor. The normal components of this tensor have been reported above as the root mean squared velocities the sum of which is equal to the turbulent kinetic energy. The off-diagonal elements, or the shear stress components are reported in Figure 4-11(a) at one angular location including the baffles. The contours indicate the counter rotating trailing vortices behind the blades. These counter rotating vortices are seen to emerge from the impeller and die out near the walls. In the visualization studies (Figure 4-11(b)) a fluorescent dye was introduced in the impeller region. The dye is seen to follow the counter rotating vortices, which emerge from behind the impeller and die out as they approach the wall. This suggests that the Reynolds like shear stress measurements contain some valuable information regarding the flow structures in the stirred tank reactor. A quantitative comparison of the Reynolds Shear stress distribution is not reported due to the lack of such data in the literature. 

Figure 4-11(a). Contours of Reynolds Shear Stresses in the Plane Including the Baffles
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[image: image19.emf]Figure 23: Radial Profile of Tangential Velocity in the 
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Figure 24: Axial variation of the Tangential Velocity in the Impeller 
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[image: image21.emf]Figure 25: Axial Profiles of Vr`/Vtip in the impeller plane
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Figure 4-11(b). Visualization of Trailing Vortices using Fluorescent Fluid

4.2.7 Lagrangian Measures of the Fluid Dynamics in STR

4.2.7.1 Circulation Time Distributions (CTD) and Mean Circulation Times (MCT)

Owing to the Lagrangian nature of the flow field the information about the circulation time distributions can be obtained. Here a control volume containing the impeller of radius D/3 and height of twice the blade height (2D/15) was considered. From the CARPT particle trajectories the time differences between two subsequent visits of the tracer to the control volume were recorded. A frequency distribution of return times to the impeller zone has been plotted in Figure 4-12. The mean of the CTD (of 16330 samples) was found to be 3.53 seconds and the standard deviation was found to be 2.96 seconds. The mean was found to converge with 5000 samples. The bi-modal CTD obtained from CARPT is comparable to the bi-modal CTD’s reported by Roberts et al. (1995). However, for the dimensions of the current tank the Mean Circulation Time from CARPT seems to be higher than the MCT reported by Roberts et al. (1995) but they measured the return times to the plane containing the impeller and not just a small control volume enclosing the impeller. The MCT is found to be sensitive to the size of the control volume and is expected to be lower for larger control volumes. This might explain the higher MCT’s from CARPT. 
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Figure 4-12. Circulation Time Distribution in the Impeller Region at N = 150 rpm 
4.2.7.2 Hurst Exponents from Particle Trajectories

Hurst’s (1956) rescaled R/S analysis, as modified by Mandelbrot and Wallis (1969), was applied to the instantaneous Lagrangian particle position (r(t)). The random variable under consideration is the Lagrangian tracer position r(t). Several bins (N), each containing  consecutive positions, are selected at random from the entire position data set. For each bin the Range (R ) and the standard deviation (S ) of the random variable is evaluated as shown by Yang et al. (1992). The mean R/S is then evaluated for a particular bin size . The number of bins (N~25) are selected such that the mean R/S converges. This procedure is repeated for several  ranging from 1-10000. The slope of ln(R/S) vs ln() yields the Hurst exponent which is seen to be 0.8 from the graph shown in Figure 4-13.
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Figure 4-13. Hurst Exponent from the Lagrangian Particle Position r(t) in STR

A H-value of 0.5 indicates a mixing mechanism similar to Brownian motion and a diffusion type mixing model can adequately describe the process. H > 0.5 indicates the persistence of long term non-cyclical effects due to turbulent dispersion. A compensatory effect, or possible cyclic motion, results in H values less than 0.5. The analysis based on the instantaneous particle position suggests that long term or persistent effects are significant in stirred tanks. Some other Lagrangian measures of the fluid dynamics like Sojourn time distributions (Rammohan et al., 2001) have also been extracted from the CARPT data in stirred tank reactors (Refer to chapter 3).

4.3 CFD Simulations 

In this section we briefly outline the details of the numerical simulations performed. We have already outlined the details behind the two approaches which we use here (the Snapshot Approach (SA) and the Multiple Reference Frames (MRF) model). We have simulated exactly the same geometry as the experimental setup. The computational 

domain is only half the tank since a plane of symmetry can be found. The cylindrical co-ordinate system was used with the center of the bottom of the tank taken as the origin of the co-ordinate system. For both types of simulations exactly the same grid is used. A non-uniform grid has been generated in the framework of FLUENT 4.51 containing 94 cells in the angular direction, 57 cells in the radial direction and 78 cells in the axial direction. The selection of grid size was based on simulations reported in the literature (Ng et al., 1998) which showed that simulations were not grid sensitive if over 70,000 cells were used. Based on the reported simulations a grid size of around 450,000 was chosen. It is assumed that this grid is sufficiently large to provide grid independent solutions. We show a sample grid for each type of simulation below:
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Figure 4-14 . View of 3-D Grid Used for MRF and Snapshot Simulations

The momentum transport equations were solved in the cylindrical co-ordinate system along with the standard k- model of turbulence. The relevant equations and boundary conditions for the two approaches have been discussed earlier (Chapter 2). The details of the solver and numerical technique used are available in the FLUENT manual. The simulations were solved for the identical conditions at which  our experimental results were obtained. The Fluent velocities were non-dimensionalized by defining the impeller 

tip speed as 1m/s. In this section we briefly discuss the quantitative comparisons of the CFD simulations with the CARPT results.

4.3.1 Comparison of Mean Radial Velocity in the Impeller Stream Obtained by CARPT with CFD Simulations
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 The azimuthally averaged radial velocity vectors in the impeller mid plane from simulations are compared with such values obtained from CARPT results. These comparisons are shown below in Figure 4-15.

Figure 4-15. Comparison between Predicted and Measured Radial Velocity Profile in the Impeller Stream

The radial velocity profiles in the impeller stream predicted by the two CFD approaches (SA and MRF) are compared with those computed from CARPT in figure 4-15(a). The differences between CARPT and CFD results for the radial velocity at the impeller tip are summarized in Table 4-8. The differences are seen to vary from 7-30% with the 

difference between the sliding mesh computation (of Ng et al. (1998)) and CARPT being the lowest.

Table 4-8. Comparison of CFD Predictions of Radial Velocities at the Impeller Tip

	Technique
	Vr/Vtip
	% Deviation from CARPT

	CARPT
	0.48
	______

	MRF
	0.62
	23%

	S.A.
	0.68
	29%

	Sliding Mesh
	0.54
	7%


The predictions of the MRF technique are qualitatively comparable with the S.A. but the quantitative values are 5-10% lower than the SA predictions. 

To summarize, CARPT radial velocity profiles are lower than the predictions of the two different CFD simulations as expected. However, considering the fact that the two independent CFD simulations require no empirical inputs and that the comparisons between them seem reasonably good are an indication that the CFD simulations predict the right magnitude of the maximum radial velocity. This is also confirmed by the fact that LDA and other techniques (see Table 4-6) measured higher values than CARPT. 

4.3.2. Comparison of Mean Tangential Velocity in the Impeller Stream from CARPT with CFD Simulations

In Figure 4-16(a) we compare the tangential velocity profiles predicted by SA and MRF with the values computed from CARPT. The qualitative profiles from CARPT match very well with those predicted by CFD. The differences in the predictions at the impeller tip are summarized in Table 4-9. The magnitudes of tangential velocity predicted by SA 

and MRF compare very well with each other except near the impeller where MRF predictions are 17% lower than the Snapshot predictions.
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Figure 4-16(a). Comparison between Predicted and Measured Radial Profile of Tangential Velocity

Table 4-9. Comparison of CFD Predictions of Tangential Velocities at the Impeller Tip

	Technique
	V/Vtip
	% Deviation from CARPT

	CARPT
	0.52
	______

	MRF
	0.65
	20%

	S.A.
	0.78
	33%


At the impeller tip the CARPT values are almost 30% lower than those predicted by SA and 20% lower than those predicted by MRF. Away from the impeller the CARPT values compare reasonably with both SA and MRF (differences are lower than 20%). Figure 4-16(b) suggests that the CFD predictions compare reasonably well with the LDA data of Chen et. al. (1987) and Wu and Patterson (1989). 
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Figure 4-16(b). Comparison of CFD Predicted Tangential Velocity with LDA Data

The match between the two CFD predictions is good since neither simulation requires empirical input. Considering the fact that other experimental techniques measure values higher than those detected by CARPT it is fair to assume that the simulations do predict close to the correct values.

4.3.3 Comparison of Turbulent Kinetic Energies in the Impeller Plane from CARPT with CFD Simulations

The comparison between the predicted and measured profiles of turbulent kinetic energy is shown in Figure 4-17. Except near the impeller region, where the CARPT values are higher in the rest of the tank the Snapshot predictions are about 30% higher than both the MRF and the CARPT values. All three values are much lower than the turbulent kinetic profiles reported by other experimental techniques. The underestimation of the turbulent kinetic energies by CARPT have been discussed earlier (Section 2.2.2). The fact that the CARPT values fall right on top of the MRF predictions in the region away from the impeller may be more of a coincidence than actually providing any information on the model’s ability to predict the turbulence. This under-estimation of turbulence by CFD models is a much lamented affair in the stirred tank literature. The cause for this is 

attributed to the use of the isotropic turbulence model, which causes greater dissipation to be predicted than is actually present. But currently there is no clear evidence recommending the use of other nonisotropic turbulence models. Only LES simulations (Chapter 2) seem to be able to capture the right magnitude of the turbulence.
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Figure 4-17. Comparison between Predicted and Measured Radial Profile of Turbulent Kinetic Energy

We feel that currently matching of the mean itself is a good sign of the predictive capability of a model simulation. A match of turbulence using such models is not a realistic expectation.

4.4 Summary and Conclusions

An extensive validation of the single phase CARPT measurements in stirred tank reactor has been provided. Various Eulerian measures of flow like the Radial pumping number, 

mean radial velocity, mean tangential velocity, turbulent kinetic energy, diagonal elements of the Reynolds shear stress tensor, etc. were extracted from CARPT. These measures were compared extensively with similar quantities obtained with other experimental techniques like LDA, DPIV, HWA, HFA, Pitot tube etc. A detailed analysis of the differences in these measures from different experimental techniques has been provided. The study revealed that the flow measures are very sensitive to a number of parameters like ratio of blade thickness to impeller diameter, disc thickness to impeller diameter, accuracy of experimental technique, mode of data acquisition - ensemble averaged/ phase averaged, data acquisistion rate, angular plane in which data has been obtained, etc. especially in the near impeller region. The current work also discusses CARPT’s potential to provide information about the three dimensional Reynolds like shear stress distribution in the entire tank. Information of this kind will be of considerable interest in the design and scale-up of bioreactors. Further, the technique’s ability to provide some Lagrangian measures of the fluid dynamics is also explored. In this study detailed comparisons of the mean velocities and turbulent parameters from CARPT with similar data in the literature has been provided. The analysis indicates that CARPT results in general seem to capture most of the relevant physics of the flow and the quantitative comparisons show values whose order of magnitude is definitely comparable to the existing data in the literature. In all the cases the right order of magnitude is captured. In this study we have also identified some of the sources of error in the CARPT technique and in what direction the efforts towards improving CARPT should be made. The size of the current CARPT tracer (dP=2.3 mm) has been identified to be one of the major sources of the loss in information. Hence, work has been done to evaluate the flow following capability of tracers of smaller diameters in the same tank and under similar operating conditions. It is expected that this study will enable us to select an appropriate tracer size for further explorations in two-phase flows in stirred tank reactors. Providing explanations for the differences between CARPT measurements and other techniques forms the basis for Chapter 5 where we look into the different sources of errors in greater detail.
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		0.8557		0.8557		0.8557		0.8557

		0.8713		0.8713		0.8713		0.8713

		0.8818		0.8818		0.8818		0.8818

		0.9		0.9		0.9		0.9

		0.9182		0.9182		0.9182		0.9182

		0.9364		0.9364		0.9364		0.9364

		0.0467		0.0467		0.0467		0.0467

		0.0543		0.0543		0.0543		0.0543

		0.0619		0.0619		0.0619		0.0619

		0.0668		0.0668		0.0668		0.0668

		0.0744		0.0744		0.0744		0.0744

		0.0845		0.0845		0.0845		0.0845

		0.0895		0.0895		0.0895		0.0895

		0.097		0.097		0.097		0.097

		0.1072		0.1072		0.1072		0.1072

		0.1122		0.1122		0.1122		0.1122

		0.1199		0.1199		0.1199		0.1199

		0.1301		0.1301		0.1301		0.1301

		0.1378		0.1378		0.1378		0.1378

		0.1428		0.1428		0.1428		0.1428

		0.1556		0.1556		0.1556		0.1556

		0.171		0.171		0.171		0.171

		0.1787		0.1787		0.1787		0.1787

		0.1916		0.1916		0.1916		0.1916

		0.2019		0.2019		0.2019		0.2019

		0.2122		0.2122		0.2122		0.2122

		0.2225		0.2225		0.2225		0.2225

		0.2354		0.2354		0.2354		0.2354

		0.251		0.251		0.251		0.251

		0.2639		0.2639		0.2639		0.2639

		0.2742		0.2742		0.2742		0.2742

		0.2924		0.2924		0.2924		0.2924

		0.3131		0.3131		0.3131		0.3131

		0.3287		0.3287		0.3287		0.3287

		0.3416		0.3416		0.3416		0.3416

		0.3546		0.3546		0.3546		0.3546

		0.3729		0.3729		0.3729		0.3729

		0.3884		0.3884		0.3884		0.3884

		0.4092		0.4092		0.4092		0.4092

		0.43		0.43		0.43		0.43

		0.4456		0.4456		0.4456		0.4456

		0.4664		0.4664		0.4664		0.4664

		0.4846		0.4846		0.4846		0.4846

		0.5028		0.5028		0.5028		0.5028

		0.5236		0.5236		0.5236		0.5236

		0.5393		0.5393		0.5393		0.5393

		0.5575		0.5575		0.5575		0.5575

		0.5809		0.5809		0.5809		0.5809

		0.5992		0.5992		0.5992		0.5992

		0.6278		0.6278		0.6278		0.6278

		0.6435		0.6435		0.6435		0.6435

		0.6669		0.6669		0.6669		0.6669

		0.693		0.693		0.693		0.693

		0.7138		0.7138		0.7138		0.7138

		0.7347		0.7347		0.7347		0.7347



Snapav

MRFAV

Chen et al

Wu et al

Dimensionless radial profile   (r-RI)/(R-RI)

Dimensionless Tangential Velocity   W/Vtip

0.52285783

0.48503366

0.45332629

0.42599683

0.40122377

0.37783533

0.35548349

0.33417379

0.31387134

0.29449807

0.27595702

0.25827784

0.24139669

0.2253048

0.21001404

0.1955769

0.18195829

0.16920014

0.1571554

0.14563875

0.12354331

0.11101768

0.10144497

0.092744396

0.08344411

0.072610007

0.060175117

0.047721456

0.030559216

0

0.6480051

0.6111354

0.5789081

0.5501227

0.5228709

0.4400974

0.344326

0.2862531

0.2374739

0.1986098

0.1694467

0.1488211

0.1228649

0.1051297

0.0818888

0.0563489

0.6653

0.642

0.606

0.5801

0.5336

0.5077

0.4869

0.4636

0.4454

0.4195

0.3804

0.357

0.3386

0.3177

0.3044

0.286

0.2727

0.2646

0.2539

0.2458

0.2375

0.2318

0.2207

0.2172

0.2115

0.2108

0.2076

0.2068

0.2064

0.2057

0.6735

0.6555

0.6349

0.6143

0.5963

0.5705

0.5551

0.5371

0.5164

0.501

0.4906

0.4725

0.4596

0.4467

0.4286

0.4078

0.3949

0.3818

0.3714

0.361

0.3506

0.3401

0.327

0.3165

0.3086

0.2955

0.2823

0.2743

0.2638

0.2584

0.2504

0.2399

0.2292

0.2237

0.2132

0.2051

0.197

0.189

0.1809

0.1755

0.1674

0.1593

0.1538

0.1456

0.1401

0.132

0.1238

0.1183

0.1127



vtavsnap

				Radius		Snapav		Carptav		MRFAV		Chen et al		cooper		Cutter et al.		Wu et al

				5.00E-03		5.23E-01

				2.17E-02		4.85E-01

				3.83E-02		4.53E-01

				5.50E-02		4.26E-01

				7.25E-02		4.01E-01

				9.17E-02		3.78E-01

				1.13E-01		3.55E-01

				1.36E-01		3.34E-01

				1.61E-01		3.14E-01

				1.88E-01		2.94E-01

				2.17E-01		2.76E-01

				2.48E-01		2.58E-01

				2.81E-01		2.41E-01

				3.16E-01		2.25E-01

				3.54E-01		2.10E-01

				3.93E-01		1.96E-01

				4.34E-01		1.82E-01

				4.76E-01		1.69E-01

				5.20E-01		1.57E-01

				5.64E-01		1.46E-01

				6.09E-01		1.24E-01

				6.55E-01		1.11E-01

				6.96E-01		1.01E-01

				7.36E-01		9.27E-02

				7.76E-01		8.34E-02

				8.15E-01		7.26E-02

				8.53E-01		6.02E-02

				8.89E-01		4.77E-02

				9.23E-01		3.06E-02

				9.55E-01		0.00E+00

				1.32E-02				5.22E-01

				9.21E-02				4.56E-01

				1.71E-01				3.54E-01

				2.50E-01				2.81E-01

				3.29E-01				2.30E-01

				4.08E-01				1.92E-01

				4.87E-01				1.60E-01

				5.66E-01				1.38E-01

				6.45E-01				1.21E-01

				7.24E-01				1.07E-01

				8.03E-01				9.85E-02

				8.82E-01				8.87E-02

				9.61E-01				7.73E-02

				0.005						0.6480051

				0.0383						0.6111354

				0.0725						0.5789081

				0.1127						0.5501227

				0.1606						0.5228709

				0.2166						0.4400974

				0.2811						0.344326

				0.3538						0.2862531

				0.4339						0.2374739

				0.5198						0.1986098

				0.6095						0.1694467

				0.6959						0.1488211

				0.7763						0.1228649

				0.8527						0.1051297

				0.9228						0.0818888

				0.955						0.0563489

				0.0728								0.6653

				0.0855								0.642

				0.1007								0.606

				0.1186								0.5801

				0.1441								0.5336

				0.1594								0.5077

				0.1748								0.4869

				0.1902								0.4636

				0.2056								0.4454

				0.2236								0.4195

				0.2622								0.3804

				0.2828								0.357

				0.3087								0.3386

				0.332								0.3177

				0.3553								0.3044

				0.3839								0.286

				0.4072								0.2727

				0.428								0.2646

				0.4514								0.2539

				0.4749								0.2458

				0.5062								0.2375

				0.5349								0.2318

				0.5766								0.2207

				0.621								0.2172

				0.6498								0.2115

				0.6864								0.2108

				0.7178								0.2076

				0.7544								0.2068

				0.7753								0.2064

				0.812								0.2057

				0.1306										0.5057

				0.1383										0.4954

				0.146										0.4824

				0.1536										0.4695

				0.1639										0.4591

				0.1716										0.4487

				0.1793										0.4358

				0.1895										0.4202

				0.205										0.4046

				0.2205										0.3889

				0.2281										0.376

				0.2384										0.363

				0.2565										0.3448

				0.272										0.3317

				0.2848										0.3135

				0.2951										0.3031

				0.3054										0.2927

				0.3209										0.2796

				0.3339										0.2691

				0.3442										0.2587

				0.3571										0.2456

				0.3674										0.2378

				0.3804										0.2298

				0.396										0.2193

				0.4089										0.2114

				0.4167										0.2035

				0.4296										0.1956

				0.4426										0.1902

				0.4608										0.1796

				0.4764										0.1716

				0.4972										0.1636

				0.5181										0.158

				0.0114												0.5899

				0.0191												0.577

				0.0345												0.5537

				0.0472												0.533

				0.0574												0.5149

				0.0728												0.4916

				0.083												0.4709

				0.0957												0.4502

				0.1112												0.432

				0.1265												0.4087

				0.1548												0.3724

				0.1702												0.3516

				0.1986												0.323

				0.2114												0.3074

				0.2244												0.2994

				0.2425												0.2837

				0.2658												0.2705

				0.2918												0.2597

				0.3126												0.2465

				0.3335												0.241

				0.3595												0.2328

				0.4012												0.2217

				0.4195												0.2162

				0.4534												0.2104

				0.4665												0.2076

				0.503												0.1992

				0.5186												0.1963

				0.5421												0.1907

				0.5734												0.185

				0.5996												0.1819

				0.6362												0.1786

				0.6519												0.1783

				0.6676												0.1754

				0.6832												0.1751

				0.7224												0.1692

				0.7486												0.1661

				0.7799												0.1629

				0.8009												0.1625

				0.8191												0.1595

				0.8374												0.1566

				0.8557												0.1537

				0.8713												0.1482

				0.8818												0.1455

				0.9												0.1426

				0.9182												0.132

				0.9364												0.1239

				0.0467														0.6735

				0.0543														0.6555

				0.0619														0.6349

				0.0668														0.6143

				0.0744														0.5963

				0.0845														0.5705

				0.0895														0.5551

				0.097														0.5371

				0.1072														0.5164

				0.1122														0.501

				0.1199														0.4906

				0.1301														0.4725

				0.1378														0.4596

				0.1428														0.4467

				0.1556														0.4286

				0.171														0.4078

				0.1787														0.3949

				0.1916														0.3818

				0.2019														0.3714

				0.2122														0.361

				0.2225														0.3506

				0.2354														0.3401

				0.251														0.327

				0.2639														0.3165

				0.2742														0.3086

				0.2924														0.2955

				0.3131														0.2823

				0.3287														0.2743

				0.3416														0.2638

				0.3546														0.2584

				0.3729														0.2504

				0.3884														0.2399

				0.4092														0.2292

				0.43														0.2237

				0.4456														0.2132

				0.4664														0.2051

				0.4846														0.197

				0.5028														0.189

				0.5236														0.1809

				0.5393														0.1755

				0.5575														0.1674

				0.5809														0.1593

				0.5992														0.1538

				0.6278														0.1456

				0.6435														0.1401

				0.6669														0.132

				0.693														0.1238

				0.7138														0.1183

				0.7347														0.1127
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