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Chapter 8

Summary, Conclusions and Recommendations

The objectives of this research have been three fold: 1) To investigate the single phase flow field in stirred tanks with CARPT and provide quantitative estimates of the capabilities of the technique, 2) To develop a data base using CARPT-CT in gas-liquid flows in stirred tanks at high gas holdups when other techniques fail, and 3) To critically evaluate the ability of commercially available CFD codes to predict the observed flow fields in single flows in stirred tanks.

To accomplish these objectives we began by systematically implementing the CARPT technique in single phase flows in stirred tanks. Stirred tank reactors unlike bubble column reactors or liquid – solid risers offer a number of challenges in implementing advanced techniques like CARPT and CT. Some of these challenges are:

· Presence of internals like the baffles, impeller, shaft, sparger etc. enhance the complexity of these flows. Solid wall collisions can cause serious damage to tracer particle, tracer particle could get trapped in dead zones behind these internals bringing the experiment to a halt, attrition of particle due to collisions with rotating impeller blades and careful choice of material of construction for internals and size is necessary to ensure minimum attenuation of the radioactive counts emitted by the CARPT tracer.

· Further in the stirred tank reactor there are regions of extremely low tracer residence times (near the impeller residence times are of the order of the CARPT sampling time) and regions of very high tracer residence times (dead zones at the bottom, 100 times the sampling time). Such vast differences in residence times have not been encountered in the systems in which the CARPT technique has previously been employed.

· The velocity gradients in this system are also very high typically of the order of 75s-1 to 300 s-1 which is about 10-20 times the velocity gradients encountered in bubble column reactors or liquid solid risers.

· The turbulence levels in stirred tank reactors are at least 10-50 times higher than the turbulence levels encountered in these other systems explored at CREL. Further, in stirred tanks the changes in turbulence levels also occurs over every small length scales i.e. while regions close to the impeller experience fully turbulent flow, regions outside the influence of the impeller are usually in the transition regime between laminar and fully turbulent flows (at Re < 10,000).

Hence, the first part of the current study was to develop the appropriate tools to ensure that CARPT can be successfully implemented in this system. Single phase flows in stirred tanks have been studied extensively and offered an opportunity for us to critically evaluate the capabilities of the CARPT technique. The contributions of this first part of the thesis work are:

· CARPT was shown to capture the key features of the single phase flow like recirculating loops above and below the impeller, radial jet in the impeller plane. A detailed qualitative validation was also provided by comparisons with existing data from other experimental techniques like LDA, DPIV, etc.

· Detailed comparisons of quantitative features of flow like variations of radial pumping number, dimensionless mean radial and tangential velocity, dimensionless turbulent kinetic energy revealed that CARPT captures the right qualitative variation of these parameters. Quantitative comparisons indicated that size of CARPT tracer resulted in filtering of some of the fluid phase turbulence.

· CARPT enabled us to obtain valuable Lagrangian information like sojourn time distributions, return time distributions to the impeller region, Hurst exponents which provide valuable inputs to compartment based reactor models and serve as additional data to validate the ability of CFD codes to predict the system dynamics.

· This detailed validation allowed us to perform a needed evaluation of the capabilities and limitations of the CARPT technique. 

· The investigation of CARPT capabilities indicate the following:

a) 
Errors introduced by CARPT data acquisition technique and existing CARPT position reconstruction algorithms were assessed. Acquisition of the total energy spectrum was found to introduce considerable spread in the calibration curves particularly in systems with internals and walls of high density (like Stainless Steel). Hence a new data acquisition strategy where only the photopeak fraction of the total energy spectrum was found to help in containing this error. A semi Monte Carlo like algorithm was developed which allows faster reconstruction of particle location (compared to the full Monte Carlo) but still retains the useful features of the full Monte Carlo model.

b) A Monte Carlo based model was developed to account for the ‘dynamic bias ‘ which is critical to ensuring the quality of CARPT data at high velocities. This model was partially validated by some carefully designed single phase experiments which showed that the dynamic bias error introduces a systematic offset in the CARPT measured velocity information. The offset was found to increase with increase in impeller speeds and offset decreases with increasing sampling frequency till a plateau is reached. At very high sampling frequencies the statistical nature of the experimental technique introduces more error causing the offset to increase. This experimental study provides an opportunity to develop an empirical correlation to correct the CARPT measurements as a function of system parameters like velocities and sampling frequency.

c) A CFD based two dimensional particle tracking simulation was performed which allowed us to evaluate the errors introduced by the CARPT processing algorithms and more importantly addressed the critical question of “ How closely is the CARPT tracer following the fluid?”. This two dimensional model brought to light several important issues in tracer selection and 

established that density difference is more critical than size of tracer as far as flow followability of tracers is concerned. The study also enabled us to understand the loss of turbulent kinetic energy information obtained with 2.3 mm tracer in the stirred tank reactors, and revealed the importance of appropriate choice of grid size for converting the Lagrangian information into Eulerian information. This study enables a priori evaluation of CARPT tracers in different flow fields. The work also brought to light a fundamental issue which is the lack of engineering models to describe the lift force acting on a neutrally buoyant tracer.

· Further in this first part of the thesis the ability of commercial codes (FLUENT 4.5) to capture single phase flows was evaluated using two quasi steady models the Multiple Refernce Frame (MRF) and the Snapshot aproaches. These models were shown to capture the mean velocity fields reasonably accurately in very short periods of time without requiring any apriori inputs. This revealed the potential of these quasi steady models to be used as design tools for scale – up of single phase stirred tank reactors.

· In the second part of the thesis the techniques of CARPT and CT were extended to characterizing gas – liquid flows in stirred reactors. This enabled us to initiate the creation of a reliable data base of local gas holdup profiles over a range of Fl and Fr and extensive liquid velocity data.

· The resolution of the CT system was improved from 6.0 mm to 3.0 mm. The contribution of the dynamic bias error was shown to be negligible for conditions of current interest. Detailed gas holdup contours from CT revealed techniques ability to capture details of gas flow structure. Local gas holdup profiles at different axial planes obtained for the first time.

·  Detailed Lagrangian information of the liquid velocity was obtained in such systems for the first time. Liquid velocity data obtained from CARPT allowed us to explain the gas holdup profiles from CT, gives information about flow regime, type of liquid flow structure associated with a certain regime and distribution of turbulent kinetic energies.

· The magnitude of the radial and tangential liquid velocities in the presence of gas was found to be lower (in the impeller region) than the corresponding single phase case. The presence of gas as expected lowered the radial pumping capacity of the impeller which resulted in shorter heights of recirculation loops above the impeller.

· Turbulent kinetic energy profiles in the presence of gas were very different from the single phase profiles with the turbulent kinetic energy increasing with radial distance from the impeller.

· Preliminary simulations were performed with the computational snapshot approach. These simulations revealed that simulating gas – liquid flows in stirred tanks is a lot more complex due to the interplay between several different forces and dominant role played by turbulence. The study echoed the need for physics based models for interfacial closures voiced by Lane et. al. (2000). The simulations were found to be extremely sensitive to the interfacial drag closures and lack of appropriate closures forms were found to result in very poor predictions of gas and liquid flow patterns and the gas distribution in these reactors.

In the following section we provide recommendations for future research.

8.1 Recommendations for Future Research

In this thesis under the broad framework related to gas – liquid flows in stirred tank reactors several different aspects have been investigated. These lead to several open research problems, which could form topics for further investigation. Some of these issues are listed below

· The issue of dynamic bias in CT has been probed using a numerical model. The value of this study would be greatly enhanced if these results could be supported by experimental verification of the dynamic bias error contribution like done for the single phase study in stirred tank reactor. Some preliminary work has already 

been done to design some special experiments which simulate the passage of a bubble motion in a reactor with the bubble oscillating along a prescribed path with known frequencies. These carefully designed experiments need to processed and their results used as a starting point for quantifying the dynamic bias errors in CT.

· Some preliminary simulations were done to quantify the dynamic bias in CARPT. A more detailed program needs to be undertaken to simulate the various experimental cases and establish the validity of the Monte Carlo model. This detailed program would endow us with a powerful tool which could then be used to assess the role of dynamic bias in other systems like the gas – solid riser where the issues of dynamic bias could be much more relevant. An important issue not addressed in the current study is to develop some kind of a correction factor to account for the dynamic bias error. This would allow us to extend the current studies in stirred tank reactors to much higher impeller speeds.

· Preliminary experiments were done with CARPT to experimentally quantify the flow followability of the CARPT tracer particle of various sizes. These experiments need to be repeated in a more carefully designed set of experiments using the results of the numerical particle tracking experiments as a starting point. This would enable us to develop an appropriate criterion for tracer particle selection for different types of flows.

· The studies with gas – liquid flows in stirred tank reactors need to be extended by performing similar experiments with different impeller types. For the current study the Rushton turbine was selected since a number of researchers have reported their observations for this kind of impeller. Now that the CARPT- CT data in two phase has been validated these techniques can now be used to explore previously uncharted regimes of flow. A very careful design of the experiments have to be done ensuring that there are other global measurements like using local gas holdup probes (which are currently being developed in the group), overall power measurements and level based overall gas holdup measurements are 

performed. This will enable us to create a set of internally validated accurate data for industrial use.

· Some preliminary efforts were made at evaluating two-phase simulations in stirred tank reactors. This area needs to be explored in a much more detailed and systematic fashion. Two phase flows in stirred tank reactors are much more complex than two phase flows in systems like the bubble column reactor or riser reactor, etc. The complexity arises due to the phenomena of cavity formation in the impeller region due to an interaction between several different forces like the centrifugal force, pressure force, buoyancy etc. These interactions result in a wide variety of flow regimes in stirred tank reactors. To capture these different regimes a basic understanding of the physics behind the different forces is required to be able to formulate appropriate interphase momentum exchange coefficients. Moreover the contribution of turbulence in enhancing the drag coefficients is very significant in the stirred tank reactor. Currently only one or two studies make an effort to come up with modifications to the standard drag correlations to account for the turbulent drag. More fundamental studies are needed to understand the mechanism which enhances the drag coefficient and based on that develop a model.

