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Population balance modelling of droplets in an oscillatory baffled reactor—using direct measurements of breakage rate constants† Dimitri Mignard, Lekhraj Amin and Xiong-Wei Ni* Centre for Oscillatory Baffled Reactor Application, Chemical Engineering, School of Engineering and Physical Science, Heriot-Watt University, Edinburg EH14 4AS, UK



Abstract: Population balance modelling (PBM) is a useful tool for design and prediction in a range of processes that involve dispersed phases, particulates or micro-organisms. In the Inverse Problem approach, constants related to the rates of evolution and/or interaction of the individual components are optimized so as to match the experimentally observed distribution curves. However, the significance of these results may be slight, or several solutions may be possible. In this paper, a method is presented to circumvent this problem, and is applied to the breakage and coalescence of oil droplets in a continuous oscillatory baffled reactor (OBR). Direct observation of droplet breakage using a highspeed camera should enable breakage rate constants to be obtained independently from the Inverse Problem approach, and thus obtain more reliable coalescence rate constants. An analysis of the droplet size distributions (DSDs) is also combined with direct observation with the high-speed camera to allow the development of a breakage model specific to the OBR. It is expected that this method should yield parameters useful for prediction of steady-state DSDs, and hence enhance the accuracy of design, scale-up, and prediction of operation. # 2003 Society of Chemical Industry



Keywords: population balance modelling; Inverse Problem; oscillatory baffled column; liquid–liquid dispersion; breakage; coalescence



INTRODUCTION



The control of size distributions in two-phase dispersions is critical for many industrial processes, such as solvent extraction, dispersed phase polymerization and reactions in organic chemistry. Such systems have been modelled using population balance modelling (PBM), a technique that describes the changes in size distribution of the dispersed phase as an averaged function of the behaviour of individual particles, droplets or bubbles. This approach requires description of the interactions and evolution of the individual elements of the dispersed phase, and the validation of these models usually relies on parameter fitting to match the experimental size distributions – a question known as the Inverse Problem. However, significance levels for the solutions of the Inverse Problem may be low,1 and therefore a set of optimized parameters that produce a good fit may provide no real validation to a model. Reasons for this may include the number of parameters involved; the applicability of available models to the system studied (eg for breakage, one may consider isotropic turbulence, but also unidirectional, extensional shear); or simply the small effect of one of the phenomena in the



particular conditions of one experiment. Not only can distinct values of parameters yield distributions close enough to the solution within experimental errors, but also there may be more than one exact, mathematical solution to the PBM: Ramkrishna2 noted that this was a possibility when considering simultaneous breakage and coalescence. An example illustrating these challenges was reported by Ni et al 3 on an oil-in-water dispersion in an oscillatory baffled reactor (OBR): varying the coalescence parameters around the optimized solution had only a slight effect on the objective function describing the match to the experimental data. This was partly explained by coalescence rates being negligible for much of the evolution of the droplet size distribution, which was dominated by breakage. However, any of the aforementioned reasons could contribute to this result too. Firstly, a more realistic coalescence model that considered electrostatic interactions between droplets would have been better suited,4,5 yet its later application did not improve the level of significance (unpublished results). Moreover, the initial coalescence model had two lumped parameters,3 whereas the coalescence model with electrostatic interactions
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had four parameters. This increase in the number of parameters may further diminish the significance of the results. Finally, the breakage and the coalescence models were both very general and based on the isotropic theory of turbulence, and they may have missed not taking into account the specificity of OBR systems. The applicability of isotropic turbulence theory may have to be checked too. Therefore, the study of dispersed phase systems would benefit from combining direct, on line observation of dispersed phase processes with solving the Inverse Problem for the PBM. This would deliver a reduction in the number of optimized parameters, as well as the selection of appropriate models for inclusion within the PBM. In this work, a high-speed camera was used to validate a model for droplet breakage in a continuous net-flow OBR. The extracted breakage parameters were first compared with those obtained from solving the Inverse Problem in upstream sections of the reactor where breakage was dominant and coalescence could be neglected. They were then used as fixed constants in the Inverse Problem applied to downstream sections of the reactor, which allowed the extraction of the coalescence parameters. The work reported in this paper is focussed on liquid–liquid dispersions in a continuous, horizontal oscillatory baffled reactor (OBR). The OBR is a sound and simple alternative to conventional stirred tanks for dispersed systems. The impeller is replaced by the combination of pulsed flow and stationary baffles. This arrangement promotes the formation of eddies suitable for mixing, fractionation of the dispersed phase and mass transfer. Advantages of OBR over stirred tanks include the existence of more homogeneous conditions throughout the reactor. This should facilitate the suitability of models for the size distribution in the dispersed phase, and help the control and prediction of reactor performance in an industrial context.



non-return valve in the flow inlet would reduce any propagation of oscillation upstream. Sample ports and optical observation windows were installed at five different positions, Pinj, P1, P2, P3 and P4, along the length of the column. The continuous phase was water and the dispersed phase was coloured silicone oil, which was injected at the first tube as shown. The silicone oil had the following properties: density = 915 kg m3, viscosity = 4.6 cp and surface tension = 0.0211 N m1. All the experiments were done at room temperature, and without the use of any surfactants. The reactor was first flushed with water at high flow rates to remove any air or oil deposits. The net flow rate was then adjusted at its required value (0.5–2 dm3 min1), and the oscillations were started with the set amplitude and frequency (in the range 1–3 Hz, and 5–7.5 mm centre-to-peak, respectively). The dispersed phase was fed into the system at a fixed flow rate. The images could be captured from five different optical windows along the flow path, as shown in Fig 1, using a Nikon High Speed Camera and VidPIV High Speed Imaging System. The light source and the camera were kept at about 0.3 m and 0.15 m respectively from the image window. Images were captured 20 at a time once the contrast had been adjusted. The images captured on PC were analysed using Droplet Detector v3 Image Analysis Software. For high amplitude and frequency more droplets were observed in one image and vice versa, therefore an appropriate number of images were captured to attain a sufficient number of droplets (800–1000). The droplet size distribution (DSD) was plotted using the data obtained. A high-speed digital camera allowed direct observation of breakage of droplets, which provided a sound basis for the correlation between rate constants and droplet diameters in OBRs. Droplets were counted as they passed the baffle, and breakage was recorded if it happened. Average probability of breakage for drop-



MATERIALS AND METHOD Experimental procedure and materials



The continuous OBR used in this work is shown schematically in Fig 1. It consisted of seven horizontal glass tubes, each 40 mm in inside diameter and 1.5 m in length, and connected to each other by U-bends having an outlet for draining. The total length of the reactor was 12.1 m. The 112 orifice baffles were spaced at a distance equal to 1.8 times the inside tube diameter, and their orifice diameter was 23 mm. The net flow was provided by a liquid pump from LOWARA, and the flow rates were monitored by a flow meter. Fluid oscillation was achieved by means of a crank-piston arrangement driven by a helical geared motor through a frequency inverter, providing a frequency range of 0–2.5 Hz. Peak-to-peak oscillation amplitudes of 0–60 mm could be obtained by adjusting the off-centre positions of the crank in a flywheel. A J Chem Technol Biotechnol 78:364–369 (online: 2003)



Figure 1. Schematic diagram (top-view) of the continuous oscillatory baffled reactor.
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Figure 2. Example of picture taken with the high-speed camera. A droplet (boxed in a rectangle) is shown 0.047s after finishing crossing the baffle on the right-hand edge of the picture, and 0.023s before breaking. The observation window corresponded to Pinj in Fig 1 (conditions: f = 1 Hz, x0 = 6 mm, Q = 2 dm3 min1).



lets of a given size was then estimated by a simple ratio. The sizes of all droplets, including that of daughter droplets generated from break-up, were estimated from direct manual measurement on the picture. The high-speed camera was an Ektapro 4540 mx Imager (Kodak), and it was set at 750–1125 frames-persecond (FPS), and fitted with a Micro Nikkor objective lens (55 mm diameter, 1:28 focal length ratio). Figure 2 shows a droplet as it was deforming and breaking just after passing the baffle on the righthand side. The droplet was moving from right to left on the picture, following the direction imposed from both the pulsed flow at that time and the continuous flow. Breakage rates and coalescence rates in the population balance model



Population balance model for droplets in continuous OBRs A model was developed based on a discretized population balance principle, with a geometric increment of particle volume.6 A first order breakage rate and second order coalescence kinetics were assumed for the droplet number concentrations. The model was identical to the one presented in the work of Ni et al,3 except that the full range of particle interactions was considered for coalescence, and that the models for coalescence and breakage rate constants were improved. For breakage rate constants, a model based on direct experimental observation was developed specifically for continuous OBRs. Its inputs were drop diameter, frequency and amplitude of oscillation, and net flow rate, as well as two adjustable parameters. For coalescence, the model of Tobin and Ramkrishna5 for deformable droplets with electrostatic interactions was adapted in a lumped parameter form. Observations leading to a breakage model in OBRs Ni et al 3 studied the changes in droplet size distributions for oil droplets dispersed in water in a continuous OBR. It was observed that the DSDs in the 0.1–2.6 mm diameter range would not be affected by 366



the net flow rate of the continuous phase, at least in the conditions tested (frequency f = 1–3 Hz, centre-topeak amplitude x0 = 5–7.5 mm, and Ren = 250–1000). Hence, droplets did not break to a significant extent while they remained within a ‘cell’, which was defined as the space between two consecutive baffles. In the present paper, this fact is interpreted as showing that passage through the baffles was responsible for breakage. This suggests that flow patterns and turbulence within the bulk fluid of a cell would not account for the majority of breakage events, except when in conjunction with a droplet passage through a baffle. Hence, the breakage rate constants should be proportional to the average residence time of the droplets within each cell. This observation has since been confirmed by direct observation on OBRs in operation. In initial observations made on a batch rig with the camera zooming on the baffle orifice only, the orifice edge would seemingly induce stretching and breaking. Droplets as small as 1.6 mm were observed to break up. However, the gathering of statistically meaningful amounts of data for a given volume range of droplets was not practical for diameters smaller than this size. For such sizes, the probability of breakage per passage through a single baffle was simply too small, even though significant breakage occurred along the length of a continuous OBR. Incidentally, this latter fact suggested that the accumulation of baffles within an OBR was responsible for the significant breakage rates seen for small droplets. Another factor that restricted the usable range of sizes was the low resolution of the high speedcamera, with respect to the conflicting requirements of estimating the size of a small droplet and of keeping it within the camera field as it broke. This limited the minimum usable diameter to 3 mm. Later, high-speed camera footage on a continuous OBR showed that the extensional shear stresses at and downstream of the baffle orifice provided the initial mechanism for most breakage events in the 3–8 mm diameter size range. The droplets were stretched, sometimes to breaking point, by steep velocity J Chem Technol Biotechnol 78:364–369 (online: 2003)
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gradients at the orifice edge and within the jet pulsed through the orifice. Breakage model in OBRs A simple model was designed to take these observations into account. For a single droplet of diameter di, the average breakage rate gi (s1) was linked to the breakage probability, Pbr, and the average residence time within a cell, tc (s): gi ¼



Pbr tc



ð1Þ



bi;j ðdi ; dj Þ ¼ hðdi ; dj Þ  ðdi ; dj Þ



ð3Þ



qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ 2=3 2=3 di þ dj



ð4Þ



with



The following expression was derived for Pbr:    Z 0 di 2 p2  a 2 Pbr ¼ p1     exp  d  D0 =2 WeðdÞ  cos2  ð2Þ where tc is the estimated (s), D0 the orifice diameter (m), a = D02/D2 the baffle-free area, p1 and p2 are dimensionless constants, Weðdi Þ ¼ d =2  ðdi3 =6Þ ð2x0 f Þ2 =  di2 is the droplet Weber number at the maximum speed (dimensionless), with the dispersed phase density rd (kg m3), and the interfacial tension s (N m1). The derivation of this breakage model for droplets in continuous OBRs will be detailed in a subsequent paper. In this work, p1 and p2 were the first two adjustable parameters. According to theory, we should have p1 = 2 and p2 = 0.130. However these values stemmed from arbitrary assumptions (namely, binary equal breakage and contact with the orifice edge), and they were not expected to give more than an order of magnitude. In our approach, a minimization scheme matched eqn (2) to the experimental plots of Pbr over the range f = 1–2 Hz and x0 = 5–7.5 mm (see previous section), and it would return the optimal values for p1 and p2. The minimization scheme was Fletcher’s version of the Marquardt method.7 Coalescence model Coalescence may determine a dynamic steady state for the droplet size distribution if breakage down the length of the reactor has generated a sufficient concentration of droplets of a suitable size. A high number of droplets favour collisions, with the rate of binary collision h(di, dj) between drops of diameter di and dj being proportional to the product of respective concentrations for the two size classes. Size also determines the efficiency of coalescence Z(di, dj) during collision. Z is a function of the hydrodynamic conditions, substance properties, and the charges, sizes and shapes of the colliding droplets. In the continuous OBR described by Ni et al,3 it was shown that breakage dominates the changes in size distribution near the inlet, but that the calculated rates for breakage and coalescence indicated a steady-state equilibrium at some stage downstream. The coalescence model was adapted from Tsouris and Tavlarides8 in a lumped parameter form. It assumed isotropic J Chem Technol Biotechnol 78:364–369 (online: 2003)



turbulence, and ignored electrostatic interactions. In the absence of any other information, the isotropic turbulence hypothesis will be retained (the oscillatory Reynolds number Reo were in the range 5000–10 000). However, Tobin and Ramkrishna4 confirmed that electrostatic interactions could be very significant, and one of their models for deformable droplet5 was adapted by lumping parameters together. The coalescence rate constant was then:



hðdi ; dj Þ ¼ p3  ðdi þ dj Þ2



4



ðdi ; dj Þ ¼



1  exp½p4  e  R  ð1  p6  RÞ 4



1  exp½p5  e  R  ð1  p6  RÞ



ð5Þ



where e is the specific energy dissipation (m2 s3), R = 0.5  (di  dj)/(di þ dj) is the reduced droplet radius, and p3–p6 are adjustable parameters. In OBRs, and within the range of frequencies and amplitudes that were used here, the following equation holds for e:9 e¼



2n  ð2f  xo Þ3 ð1=a2  1Þ 3  C02  Z



ð6Þ



in which n = number of baffles, Z = reactor length, and C0 = orifice discharge coefficient (taken as 0.6). Extracting the coalescence parameters The inverse problem approach made use of the observed DSDs along the reactor length as input to the PBM. The breakage coefficients, p1 and p2, were set to the values computed from direct observation with the high-speed camera. The unknown coefficients p3 – p6 in the coalescence law were extracted using the Fletcher minimization scheme on the DSDs.7



RESULTS Experimental curves for breakage probabilities, and least-square match with eqn (2)



Figure 3 shows the breakage probability after passage



Figure 3. Estimated breakage probability per passage through baffle, Pbr. Plain lines with filled symbols represent experimental results; dashed lines and open symbols represent model with optimal fit p1 = 4.74, p2 = 0.34. ^, ^ 1 Hz; ~, ~ 1.5 Hz; &, & 2 Hz.
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Figure 4. Sum of squared differences between model and breakage probability curves (Pbr), as a function of parameters p1 and p2. The optimum set (p1, p2) is found in the ‘valley’ that corresponds to w2 = 0–0.2.



through a single baffle. It can be seen that Pbr increases with f. However, it should be noted that these results were only preliminary. More data will have to be processed, since each point was computed from only 40 passages of droplets at most – and some with only seven for the largest drop sizes. The curves obtained from least-square analysis in eqn (2) are also shown. The optimized parameter values for the minimum were p1 = 4.74 and p2 = 0.34, and the sum of squared differences w2(Pbr) = 0.0266. Although this optimized solution was unique, the minimum was rather flat (Fig 4), hence the significance of this result was rather poor. When this solution was substituted in the Inverse Problem, no optimal values for the other parameters would allow the PBM to match the observed DSDs (results not shown). At this preliminary stage, it was decided to experiment with values of p1 and p2 to check that the PBM model and the associated coalescence and breakage laws could indeed account for the DSDs. With p1 = 6 and p2 = 0.6, one would get w2(Pbr) = 0.0464 and still a reasonable match with the observed Pbr curves (Fig 5). The PBM model would then return values of the coalescence parameters that would allow a better match to the observed DSDs (Fig 6). Initialization values and orders of magnitude for the adjustable parameters p3 – p6 were taken from results of Tobin and Ramkrishna.5



Figure 6. Comparison between model and experimental DSDs (f = 1 Hz, x0 = 6 mm, Q = 2 dm3 min1), with input p1 = 6 and p2 = 0.6. Optimum values returned here were: p3 = 2.109 103, p4 = 8.69  1016, p5 = 2.500 1014, p6 = 0. ——, experimental results; - - - -, model (optimal fit); ^, t = 105s (initial); &, &, t = 255s; ~, ~, t = 555 s.



DISCUSSION AND FURTHER WORK



The results presented at the conference and reported in this paper were preliminary. The analysis of more video data for the conditions given in Fig 3 is currently being carried out, and films at different oscillation amplitude have also been recorded. This is expected to solve the problem illustrated by Figs 4 and 5, by yielding significant values for the breakage parameters. Finally, it will be possible to extract the coalescence parameters, and investigate the influence of operating conditions and design on the evolution of DSDs. The PBM will also be improved by using distribution laws for the sizes of the droplets generated from breakage, rather than the assumption of binary breakage with equal-sized daughter droplets. The raw data that are required for this refinement are already directly generated during analysis of the high-speed camera videos. Ultimately, the goal is to achieve prediction of the steady state DSD, which control the droplet size distribution. The procedure developed here would then be a useful, innovative tool for improving the design and operation of continuous OBRs in particular, and any dispersed phase apparatus in general.
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