














	 Home
	 Add Document
	 Sign In
	 Register





























Aerodynamic Characteristics of Flue Gas Desulfurization Spray 

	Home 
	Aerodynamic Characteristics of Flue Gas Desulfurization Spray


















However, for a polydispersed one the interaction should not be omitted since little ... drops initial velocity, apparatus height, and nozzle types are... 






 2 downloads
 0 Views
327KB Size







 Download PDF 










































Recommend Documents














Aerodynamic Characteristics of Flue Gas Desulfurization Spray 


tions introduced into the model are discussed. The pressure drop predicted by a two-parameter model (initial droplet velocity and droplet interaction coefficient) agrees with good accuracy with the experimental data collected in two large pilot-plant










 









Aerodynamic Characteristics of Flue Gas Desulfurization Spray 


Jul 29, 2000 - ... view of urgent environmental protection needs, most of the technological problems (i.e., .... However, the presence of solid fines makes droplets more rigid and ..... The model exhibits good agreement with experimental data.










 









Aerodynamic Characteristics of Flue Gas Desulfurization Spray 


Aerodynamic Characteristics of Flue Gas Desulfurization Spray Towers Polydispersity Consideration. Jacek A. Michalski. Institute of Physical Chemistry, Polish ...










 









Reliable Data for Flue Gas Desulfurization Processes 


Reliable Data for Flue Gas Desulfurization. Processes. BERT R. STAPLES. National Bureau of Standards, Electrolyte Data Center, Washington, DC 20234.










 









Catalytic Seawater Flue Gas Desulfurization Process: An 


(6) did a comparative study of four different FGD processes (Spray-Dryer, Wet Limestone, Wellman Lord, and Seawater Scrubbing) for a Scottish coastal power ...










 









Flue Gas Desulfurization - American Chemical Society 


involved in these systems is not yet well understood. ..... this reaction produced about 70% aminetrisulfonate (ATS) and 30% ... up to 4.5 hr at a pH of 7.










 









Flue Gas Desulfurization - American Chemical Society 


ide resulting from coal and oil combustion requires thermodynamic and kinetic data for the various materials that might be used in the processes. Examination of ...










 









Flue Gas Desulfurization - American Chemical Society 


solutions was measured by following the change in the volume of oxygen gas at one ..... In an attempt to guard against this possibility different sources of each ...










 









Flue Gas Desulfurization - American Chemical Society 


Hatfield, J.D., Kim, Y.K. and Mullins, R.C., "Study of the ... Hatfield, J.D., and Potts, J.M., Proceedings of Second .... Tinker, H.B., J. Catalysis, 1970, 19, 237-44. 37.










 









Flue Gas Desulfurization - American Chemical Society 


chain carrier. ..... IQ 1 I Mill Î¹ Î¹ Î¹ Mini Î¹ / Î¹ Î¹ nm Î¹ I Î¹ Î¹ I III! O.I. 1.0. 10.0. [EtOH] x Î™ÎŸ3 , M. Figure 8. ... chain carrier(s) which appear in Î¡ and T. If the termination in.










 


















3314
 
 Ind. Eng. Chem. Res. 2000, 39, 3314-3324
 
 Aerodynamic Characteristics of Flue Gas Desulfurization Spray TowerssPolydispersity Consideration Jacek A. Michalski† Institute of Physical Chemistry, Polish Academy of Sciences, Kasprzaka 44/52, 01-224 Warsaw, Poland
 
 A model of the aerodynamic characteristics of a spray tower is developed involving forces acting on a single droplet moving in a spray. Relations for the pressure drop, dispersed phase concentration, and residence time along the scrubber height obtained for this model are evaluated. A comparison of the poly- and monodispersed sprays behavior is performed. Certain simplifications introduced into the model are discussed. The pressure drop predicted by a two-parameter model (initial droplet velocity and droplet interaction coefficient) agrees with good accuracy with the experimental data collected in two large pilot-plant scrubbers. Introduction Wet flue gas desulfurization (FGD) technology is applied for the processing of exhausted gas from coal power plants. Sulfur dioxide removal is performed on large-scale co- or countercurrent scrubbers where sprayed lime or limestone slurry droplets fall down.1,2 In view of urgent environmental protection needs, most of the technological problems (i.e., modeling of scrubber aerodynamic characteristics, heterogeneous reactions, and gypsum crystallization kinetics) were solved on the basis of experiments in the form of empirical or semiempirical correlations.1-3 The scrubbers presented in the literature have rather small diameters as compared to the size of a dispersed phase cone appearing just below the nozzle.4-6 Such a proportion results in the settling of a significant amount of droplets on the apparatus wall before they reach the apparatus bottom. Schmidt and Stichlmair6 found that, in the lower part of a narrow scrubber, only 1% of the dispersed phase feed flows as droplets. This phenomenon points to the difficulties arising from scaling up of scrubbers from bench to pilot to industrial sizes. Scrubbers applied for FGD purposes are much wider (over 7 m of diameter).2,7 Hence, the influence of the apparatus wall on their aerodynamic characteristics is much smaller. On the basis of the equation of droplets motion, a model for prediction of the drops velocity, trajectory, and concentration along the scrubber height was developed.2 However, in view of the lack of an appropriate formula describing the drag coefficient of larger droplets, this model is inapplicable. The model developed earlier by the author7 predicts droplets velocity, their residence time, dispersed phase concentration, and pressure drop caused by the spray presence. The relations obtained satisfactorily reproduce the experimental data collected in two pilot-plant scrubbers. In both models, the spray was treated as monodispersed and the droplets did not interact with each other during their motion due to low dispersed phase concentration. Additionally, only the vertical motion of the droplets was considered and the lack of coalescence or breaking of particulates along the scrubber height was assumed. Even in place of crossing of spraying cones from adjacent † Tel.: 048 (22) 632 32 21, ext. 3380. Fax: 048 39 12 02 38. E-mail: [email protected].
 
 nozzles, droplet size distribution was found to be the same as that in the single-spray cone.8 It is remarkable that the assumption of a lack of mutual droplets interaction seems valid in the case of a monodispersed spray. However, for a polydispersed one the interaction should not be omitted since little droplets pass in the vicinity of the larger ones. In systems with dispersed solids in the liquid phase, this mutual interaction of fines was observed, even for very diluted slurries.9 Due to rather low gas flow through FGD scrubbers (for cocurrent, 7 m/s, and for countercurrent, up to 4 m/s), the influence of gas turbulence on the droplet drag coefficient can be neglected.10 Another proposed method for the prediction of FGD scrubber aerodynamic characteristics is based on a drift flux model.11 This model is formulated on the basis of the momentum equation developed for average gas and dispersed phase properties. Unfortunately, the results of the latter modeling were not published yet. In view of nonstationary droplets motion in the scrubber and spray polydispersity, the application of this method seems very complex. A complete model of aerodynamic characteristics of a FGD scrubber developed on the basis of analysis of spray polydispersity is presented in this paper. Relations for pressure drop, local holdup, and dispersed phase residence time versus gas flow through the scrubber, apparatus height, initial droplet velocity, and interaction coefficient of droplets obtained using this model are formulated. The model verification was performed on the basis of the experimentally measured pressure drop caused by the presence of spray in two large pilot-plant units. Model Formulation Considering the amount of energy spent for gas and slurry pumping,1,2 an optimization of scrubber performance seems necessary. Droplet size distribution, drops initial velocity, apparatus height, and nozzle types are the parameters adjustable by designer. In addition, these parameters and some of the aerodynamic characteristics of the scrubber influence significantly mass exchange taking place inside the apparatus. An analysis of these parameters shows that proper description of scrubber aerodynamic behaviors can be treated as a part of the whole FGD process modeling with the aim to optimize its performance and/or maintenance.
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 The following assumptions are made during the model development: 1. Slurry droplets are sprayed downward and they move vertically only. 2. The gas has a constant velocity in the whole crosssectional area of the scrubber. 3. The same droplet size distribution is present in the whole apparatus. The last assumption means that the lack of coalescence of fine drops or the breaking of larger ones takes place in the spray. However, in a more general sense, it can indicate that an equilibrium of coalescence and break-up rates of droplets persist throughout the scrubber. Let us consider a spray generated by a single-spray bank of the nozzles. The number of droplets of a certain diameter D just leaving the nozzles per time unit and unit of cross-sectional area of the scrubber is given by
 
 ∂n 6Lδv ) ∂t πD3
 
 (1)
 
 It is remarkable that according to assumption 3, this parameter remains constant along the apparatus height, which means that the number of droplets emitted by the nozzle is equal to that reaching the scrubber bottom. The distance from the nozzles to a droplet y is measured along the axis directed downward and beginning at the spray bank level (y ) 0). Thus, the droplet velocity versus scrubber wall can be described by the following relation:
 
 dy )u+v dt
 
 (2)
 
 Introducing eq 2 into (1), a dependency of local droplets concentration (local holdup defined as total volume of drops with diameter D per unit of apparatus volume) along the scrubber height is obtained:
 
 L ∂2R ) δ ∂Z∂y u + v v
 
 (3)
 
 by the presence of spray along the apparatus height:
 
 dP ) dy
 
 3 1 L u|u| F dZ ) F∫0 λc d[∆(Z)] ∫01∂n ∂y 4 D u+v
 
 (8)
 
 By integrating eq 8 versus scrubber height, an equation for pressure drop caused by the presence of spray in the whole apparatus volume is obtained:
 
 d[∆(Z)] dy ∫0H∫01DL λcuu|u| +v
 
 3 ∆P ) F 4
 
 (9)
 
 The interaction coefficient for a droplet flowing in a gas with a cloud of the other elements of dispersed phase is defined similarly to the way proposed by Brauer 9 for solid particles in a liquid:
 
 I)
 
 F F∞
 
 (10)
 
 On the basis of balance of forces acting on a single droplet, a well-known equation allows for the prediction of drop velocity with respect to gas versus time:
 
 4 Fs d(u + v) 4 (Fs - F)D g - λIu|u| ) D 3 F 3 F dt
 
 (11)
 
 The drag coefficient for water droplets up to 1.4-1.5 mm of diameter moving steadily in a gas can be estimated from the same relations as those for the rigid spherical particles10 due to negligible shape distortion and small internal liquid circulation. It is remarkable that the presence of solid fines limits circulation additionally. Then, for smaller droplets the following formulas are fulfilled:
 
 24 Re < 0.4 Re
 
 (12a)
 
 18.5 2 < Re < 400 Re0.6
 
 (12b)
 
 λ) λ)
 
 Generally, droplets can move upward with respect to the scrubber wall when
 
 The applicability of the above formulas is restricted because of a possible shape distortion and internal circulation for large relative velocity of droplets versus gas.7 The drag coefficient of bigger droplets is much more influenced by these phenomena. However, the presence of solid fines makes droplets more rigid and decreases their influence.12 Taking into account experimental data for slurry droplets,12 for rigid spherical particles 13 and for water droplets,10,12 the drag coefficient for large droplets is assumed to be constant.
 
 u+v0
 
 (6)
 
 A drag force with which a slurry droplet acts on a surrounding spray is described by the following formula:
 
 F)
 
 πD2 u|u| Fλc 4 2
 
 (7)
 
 A product of droplets number given by eq 1 and the force defined above integrated versus dimensionless droplet size gives a relation for the pressure gradient caused
 
 (12c)
 
 The above relation is fulfilled within error of (10%. However, it should be applied cautiously, especially in the case of large relative velocities of droplets versus gas. Boundary conditions necessary to solve eqs 2 and 11 are assumed as
 
 u|t)0 ) uP0 - v
 
 (13a)
 
 y|t)0 ) 0
 
 (13b)
 
 The first relation (13a) allowes one to introduce initial drop velocity with respect to a gas u|t)0 (depending on
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 Figure 1. Cumulative droplet size distribution measured in wet FGD system (stagnant gas) and its modifications for the countercurrent scrubber.
 
 gas and initial droplet velocities with respect to the scrubber wall) and the second one (13b) establishes the starting point of drops path length from the nozzle. When assumption (3) is fulfilled, an order of integration in eq 9 can be changed, and integration along the scrubber height can be replaced by integration versus residence time of droplets with a certain diameter. Finally, relation (9) assumes the following form:
 
 3 ∆P ) F 4
 
 ∫01∫0τ DL λIu|u| dt d[∆(Z)] r
 
 (14)
 
 The average residence time of the dispersed phase in the scrubber is calculated according to the following expression:
 
 τ)
 
 ∫01τrδv dZ ) ∫01τr d[∆(Z)]
 
 (15)
 
 Model Solutions and Discussion Few examples of model solutions are given for scrubber size, drop size distribution, and gas flow typical for FGD systems. However, taking into account droplet size distribution measured for optional nozzle (usually for stagnant gas), it is noticeable that for the countercurrent scrubber some part of the droplets (due to their low size) will not be able to reach the apparatus bottom and will be entrained upward by the gas. Therefore, for the countercurrent scrubber it is assumed that no droplets are entrained upward by the gas nor those leaving an infinitely long time in the apparatus below spray bank level are taken into account. Such an assumption requires modification of slurry droplet size distribution with respect to gas flow in the countercurrent scrubber. The resulting distribution is shown in Figure 1 for upward gas velocities of 1 m/s (Rev ) -100) and 3 m/s (Rev ) -300) when a lack of droplets mutual interaction is observed (I ) 1). Especially in FGD technology, the nozzle type is chosen to keep the emitted amount of fines as low as possible to avoid demoisturizing problems of the outlet gas. Thus, the shape of the cumulative droplet size
 
 distribution is not influenced significantly by the modifications made for the countercurrent scrubber (Figure 1). Other physical properties for both phases are taken at the process temperature 323 K. Slurry content is assumed to be the same as that applied in large pilotplant or industrial-scale installations. Before the results obtained are discussed, certain details of the calculations should be presented. The cumulative droplet size distribution is approximated by quadratic splines and according to the assumption made, the conditions for the first partition are shown in Appendix B. Other remarks concerning analytical and numerical procedures applied for calculations are presented there also. Due to an infinite increase of the integrated function, integrals (4) and (14) became improper for the countercurrent scrubbers when D f Dmin. However, both relations are convergent when the numerical integration is performed for D > Dmin. In such a case, it is necessary to estimate a value of numerical calculation error caused by integration for droplets diameter bigger than Dmin (see Appendix C). In model calculations, the lower boundary of integration is established as 1.2 µm bigger than minimal droplets diameter present in spray Dmin. Using the formula from Appendix C, it can be checked that the errors of calculations of dimensionless pressure drop (26) and local dispersed phase concentration (29) do not exceed a few percent for the droplet size distribution and gas velocities under consideration. The droplet interaction coefficient is considered as constant along the scrubber height. This assumption is necessary in view of the lack of information about its dependence on dispersed phase concentration and droplet size distribution in such a system. The model development is performed for dimensional quantities. However, to be able to compare them with the previously presented model for the scrubber with a monodispersed spray,7 the results are transformed into the dimensionless form. Dependencies of dimensionless pressure drop caused by the presence of spray on gas flow through the scrubber, initial droplet velocity, and droplet interaction coefficient are plotted in Figures 2-4. They show that the pressure drop decreases with gas flow decreases in the countercurrent scrubber and with the increase of gas velocity in the cocurrent one (Figure 2). In general, the pressure drop increases with an increase of initial droplet velocity (Figure 3). However, in the case of the countercurrent apparatus, a minimum for this relation can be observed. The position of this minimum is shifted toward the lower values of initial droplet velocity with a decrease of the droplet interaction coefficient. These results are qualitatively the same as those for the scrubber with a monodispersed spray.7 It is remarkable that the pressure drop for the countercurrent scrubber is decreasing much faster with gas flow decreases for a monodispersed spray than for the polydispersed one. Additionally, the increase of this parameter with an initial droplet velocity rise is less steep than that observed for a monodispersed spray. Similar to the results obtained previously,7 the pressure drop can be negative in the cocurrent apparatus (Figures 2-4) while the initial droplet velocity with respect to the scrubber wall is lower than the gas velocity. In such a case, in the upper part of the scrubber, the flowing gas is decelerating droplets moving upward with respect to it.
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 Figure 2. Dependence of dimensionless pressure drop caused by spray presence versus dimensionless gas flow and dimensionless initial droplet velocity.
 
 Figure 3. Dependence of dimensionless pressure drop versus dimensionless initial droplet velocity for few gas flow rates and few values of droplet interaction coefficient.
 
 It has to be stressed that this effect can occur even when the gas and droplets are moving downward with respect to the scrubber wall. The nature of this phenomenon was explained earlier.7 As shown in Figure 4, the absolute value of pressure drop decreases almost linearly with a decrease of the droplet interaction coefficient. A relative change of the pressure drop with the interaction coefficient variation is bigger for the countercurrent system than for the cocurrent one. The relation of dimensionless pressure drop versus dimensionless scrubber height is presented in Figures 5 and 6. They show that the pressure drop increases with the scrubber height in most cases. A minimum occurs for the cocurrent scrubber when the dimensionless initial droplet velocity is less than unity and when droplets are moving upward with respect to the gas in the upper part of the apparatus. It is significant that, for the cocurrent scrubber, its height can be adjusted by design to minimize the energy spent for gas pumping.
 
 Figure 4. Dependence of dimensionless pressure drop versus droplet interaction coefficient for few values of gas flow and few initial droplet velocities.
 
 Figure 5. Dependence of dimensionless pressure drop versus dimensionless scrubber height for few initial droplet velocities and gas flows. There is no droplets mutual interaction.
 
 Similarly, the adjustment of the droplet interaction coefficient (Figure 6) by the change of dispersed phase concentration or droplet size distribution can improve the operating conditions of the existing scrubbers. However, this improvement can be small only. Analyzing curves shapes in Figures 4-6 ,one can see that for the countercurrent scrubber, the dimensionless pressure drop caused by the presence of the spray increases almost linearly with the droplet interaction coefficient and dimensionless scrubber height. In the case of a cocurrent apparatus, such a simple rule cannot be formulated. The dependencies of local dispersed phase concentration (holdup) along the scrubber height for certain gas flow rates, initial droplet velocities, and few values of droplet interaction coefficient are presented in Figure 7a-c. They show that the concentration decreases with scrubber height for the cocurrent apparatus. For the countercurrent one, it increases for high initial droplet
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 (a)
 
 Figure 6. Dependence of dimensionless pressure drop versus dimensionless scrubber height for few gas flow rates and few values of interaction coefficient (constant initial droplet velocity).
 
 velocity and decreases for the lower ones. Generally, such a result is consistent with the conclusions presented previously for a monodispersed spray.7 However, due to polydispersity, i.e., different ability to accelerate or decelerate droplets with respect to their diameter, several extremes of droplet concentration can be observed along the scrubber height. This phenomenon occurs mostly in case of the countercurrent apparatus or when gas does not flow. The minimum can be found in the upper part and flat maximum in the central part of the apparatus for a droplet dimensionless initial velocity of about 0.5. It is remarkable that for a cocurrent scrubber the local dispersed phase concentration is almost independent of the droplet interaction coefficient. In other cases, it decreases when this factor diminishes. Dependencies of the dimensionless residence time of the dispersed phase on dimensionless gas flow, dimensionless initial droplet velocity (with respect to scrubber wall), and droplet interaction coefficient are presented in Figures 8-10. The residence time decreases with an increase of gas flow in the cocurrent system (positive Rev) and it increases with gas velocity in the countercurrent one (negative Rev). This result, shown in Figure 8, is similar to that obtained earlier for the monodispersed spray.7 It should be stressed that for a polydispersed spray a local maximum for the countercurrent scrubber can occur. The residence time of the dispersed phase increases with the decrease of initial droplet velocity (Figure 9) and increase of droplet interaction coefficient (Figure 10). Only in the case of a cocurrent scrubber and low initial droplet velocity can an increase of the residence time with the decrease of interaction coefficient be observed. A relative change of residence time with interaction coefficient variation is bigger for the countercurrent scrubber than for the cocurrent one. It is noteworthy that for a low, dimensionless, initial velocity (below 0.3), the interaction coefficient does not influence significantly the residence time in the cocurrent apparatus. The dependence of dimensionless, dispersed phase residence time along the apparatus height is presented in Figures 11 and 12. As can be seen, the residence time
 
 (b)
 
 (c)
 
 Figure 7. (a-c) Dependence of local dispersed phase concentration along dimensionless scrubber height for several initial droplet velocities, gas flow rates, and few values of interaction coefficient.
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 Figure 8. Dependence of dispersed phase dimensionless residence time versus dimensionless gas flow through the scrubber for few values of dimensionless initial droplet velocity.
 
 Figure 10. Dependence of dimensionless dispersed phase residence time versus interaction coefficient plotted for few values of gas flow and few initial droplet velocities.
 
 Figure 9. Dependence of dimensionless residence time versus dimensionless initial droplet velocity, for few values of dimensionless gas flow and interaction coefficient.
 
 Figure 11. Dependence of dimensionless droplets residence time plotted versus dimensionless scrubber height for few values of gas flow and initial droplet velocity.
 
 increases along the scrubber height when the initial droplet velocity and gas flow decrease and the droplet interaction coefficient increases. Only for very low values of initial droplet velocity does the residence time increase along the scrubber height in a stronger manner than in a linear fashion in the upper part of the apparatus (Figure 11). In other cases this increase is almost linear. The relative changes of residence time with variation of the interaction coefficient are big for the countercurrent apparatus and rather small for the cocurrent one (Figure 12). The results presented above are obtained under the assumption of constant values of the interaction coefficient, initial droplet velocity, and some other factors. However, the set of equations ((2)-(15)) can be solved without any additional condition when a proper distribution of these parameters is known. Even additional
 
 consideration of droplet coalescence or breakup can be easily introduced into the developed model. Experimental Verification Results of experiments obtained from large pilot-plant installation15 consisting of two scrubbers were briefly described earlier.7 However, a very precise description of how to compare the presented model with the experimental data was not given there.7 A scheme of experimental stand is shown in Figure 13. Considering that the change of gas energy between two optional positions in the scrubber can be calculated by adding energy dissipation due to apparatus wall, cross-section convergence and divergence, change of flow direction, and those caused by gas and spray interaction. In a more general sense, the additivity of energy dissipation of gas flowing through the empty scrubber
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 Figure 12. Dependence of dimensionless, dispersed phase residence time along scrubber height prepared for few gas flows and few values of interaction coefficient.
 
 Figure 13. Scheme of experimental stand.
 
 and energy introduced to or taken out from the continuous phase by spray is assumed. According to the Bernoulli equation, the energy dissipated by the gas flowing through an empty scrubber is expressed as
 
 [
 
 ] [
 
 w2 Rv2 ) P + F + Fgh 2
 
 w2 - P + F + Fgh IN 2
 
 ]
 
 OUT
 
 (16)
 
 It is noteworthy that the term Fgh, representing the potential energy of the gas, should be considered exactly in the presented form only when manometers or pressure transducers are placed at the levels of compared cross-sectional areas. In other cases, the gas present in pipes connecting the gauge point and the manometer compensates partially or completely the pressure drop caused by the levels difference. Thus, measuring the difference of pressure at both levels by the simplest U-pipe manometer allows this term to be neglected. The pressure drop is especially low in the case of a cocurrent system and the lack of this analysis can lead to significant errors. During experiments performed in the countercurrent scrubber, the number of working spray banks varied
 
 Figure 14. Fitting accuracy of experimentally measured dimensionless pressure drop to the model (countercurrent scrubber).
 
 from two to four. Then, slurry feed per unit of the scrubber cross-sectional area (L ) 0.0098 m3/m2‚s per spray bank) was dependent on the number of operating spray banks and their position inside the apparatus. Experiments were performed for two gas flows corresponding to the values of 1.77 and 2.7 m/s for the gas velocities in the scrubber. As shown in Figure 5, the dependence of pressure drop, caused by the spray, on the distance from the spray bank level is linear for the countercurrent apparatus. It means that, for a constant gas flow, the relation of measured pressure drop versus the sum of heights (above inlet duct symmetry axis) of operating spray banks should be linear also. Only a decrease of the droplets interaction coefficient with the increase of dispersed phase concentration can cause weaker than linear dependence of the last relation (see Figure 4). Experimental verification shows that the relation of measured pressure drop in the countercurrent scrubber versus sum of operating spray bank heights can be approximated by a straight line with an error less than 7%. It means that the assumption of constancy of the droplets interaction coefficient in the case under consideration is valid. The point of cross section of the obtained line with the vertical axis corresponds to the pressure drop characteristic for an empty (without spray) scrubber. Thus, the energy dissipated by the gas (Rv2) during its flow through such a system can be easily calculated from eq 16 and the measured pressure drop is a sum of the pressure drop for the empty scrubber and the corresponding increment describing the gas and spray interaction. Initial droplet velocity and interaction coefficient for the countercurrent scrubber (diameter 10.6 m) are estimated during minimization of the experimental data standard deviation from the model equation. A chart presenting the fitting accuracy for dimensionless pressure drop is shown in Figure 14. The model exhibits good agreement with experimental data. However, for lower pressure drops (smaller number of working spray banks, low Eu numbers), their values are higher than those predicted by the model. It means that the interaction coefficient for such a configuration should have a higher value than that ob-
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 Figure 15. Chart of model prediction fitting to the experimental data collected in cocurrent scrubber.
 
 tained for a bigger number of working spray banks. This result is in qualitative agreement with observations of solid fines motion in diluted, liquid slurries9 when the concentration of suspended solids varies. The calculated value of the interaction coefficient for the whole data set I ) 0.78 lies in the range of this factor variation presented for solid fines suspension in a liquid.9 Experiments for the cocurrent scrubber (diameter 7.25 m) were performed for gas velocity variation in the range of 3.6-6.4 m/s and two operating spray banks. However, the amount of sprayed slurry per unit of the scrubber cross-sectional area by a single spray bank was much lower (L ) 0.0061 m3/m2‚s) than in the case of the countercurrent system. The reduction of slurry feed was carried out by the decrease of the number of spray nozzles operating in the spray bank. Thus, the droplet size distribution of drops introduced to the system and their initial velocity with respect to the nozzle were the same in the co- and countercurrent scrubbers. Taking into account the lower dispersed phase concentration and relatively weak influence of the droplets interaction coefficient on the pressure drop in the cocurrent system (see Figures 4 and 6), the lack of the mutual droplets interaction in such a scrubber is assumed (I ) 1). By approximation of the experimental data, the only one parameter R in eq 16 is adjusted to minimize the deviation of measured pressure drops from those predicted by the model. A chart of the fitting accuracy is presented in Figure 15. As shown in Figure 15, the experimental data fit reasonably well the model solution for the cocurrent apparatus also. In this case the relative error is slightly bigger than the one calculated for the countercurrent configuration but the absolute error is over 2 times smaller than the corresponding value obtained for the countercurrent system. Conclusions The developed model shows that pressure drop caused by the presence of spray diminishes with the increase of gas flow (increase of Rev), decrease of initial droplet velocity, and drop of the droplet interaction coefficient. In the case of the countercurrent scrubber, a minimum
 
 of the relation of pressure drop versus initial droplet velocity was found. Its position moves toward lower velocities with the decrease of interaction coefficient. For the cocurrent apparatus, the pressure drop can be negative when droplets flowing upward with respect to the gas are decelerated. In such a case, a minimum of the relation of pressure drop along scrubber height appears. A comparison with the results obtained under the assumption of spray monodispersity shows that the changes of pressure drop with respect to other parameters are weaker for the polydispersed spray. The local dispersed phase concentration along scrubber height increases for decelerating droplets and decreases for accelerating droplets. This parameter decreases also with the decrease of the droplet interaction coefficient. The presence of extremes on the relation of the dispersed phase concentration along the scrubber height distinguishes the presented model from the one developed for monodispersed spray. Generally, the dispersed phase residence time decreases with an increase of gas flow rate (increase of Rev). However, a maximum can occur for the countercurrent apparatus. The residence time decreases also with initial droplet velocity rise and droplet interaction coefficient decrease. For the cocurrent scrubbers, the residence time decreases with an increase of droplet interaction coefficient when the droplets move upward with respect to a gas. The presented model satisfactorily approximates pressure drop measured in the experimental countercurrent scrubber. Estimated initial droplet velocity is sufficiently precise to predict pressure drop in the cocurrent apparatus, showing an increase in the interaction coefficients up to unity with the decrease of dispersed phase concentration (local holdup). Appendix A A relation of cumulative and differential droplet size distributions has the following form:
 
 ∆(Z) )
 
 ∫0Zδv dσ
 
 (17)
 
 Appendix B The assumption of the lack of droplets moving upward with respect to the scrubber wall limits the smallest droplets diameter. It means that in the spray only droplets larger than Dmin can be present. This parameter can be calculated on the basis of equality of steady droplets falling velocity and gas flow rate in the countercurrent scrubber. There are two conditions that have to be fulfilled by the droplet size distribution:
 
 |
 
 d[∆(D)] )0 dD D)Dmin
 
 (18)
 
 ∆(Dmin) ) 0
 
 (19)
 
 The first one shows that in a differential droplet size distribution the concentration of drops with diameter Dmin is zero. The second one presents the same information for the cumulative droplet size distribution. The simplest polynomial satisfying the above conditions is taken as an approximation function for the first partition of cumulative droplet size distribution:
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 ∆(D) )
 
 ∆(Di)
 
 (D - Dmin)2 2 (Di - Dmin)
 
 Next, partitions of droplet size distribution are approximated by quadratic splines. It has to be stressed that the decrease of the order of applied polynomial leads to the appearance of humps and deflections on charts of parameters dependent on gas velocity, v. Additionally, the measurement of droplet size distribution has to be performed for as many as possible points corresponding to various droplet diameters. For an optional droplet diameter, the distribution of its velocity with respect to gas, u, versus the distance from spray bank level, y, is obtained from an analytical solution of eq 11.7,14 Additionally, the residence time of this droplet is calculated from eqs (2), (11), (12a)-(12c), and (13a) and (13b). For each assumed location in the scrubber, y, the integral appearing in eq 14
 
 3 Q) F 4
 
 ∫0τ DL λIu|u| dt r
 
 r)
 
 N
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 (
 
 1
 
 2 k)0 u(Dk+1) + v
 
 ∆P )
 
 τ)
 
 1
 
 +
 
 1
 
 )
 
 u(Dk) + v
 
 N
 
 ∑ (Q(Dk+1) + Q(Dk))(∆(Dk+1) - ∆(Dk))
 
 2k)0
 
 1
 
 ∆Eu ) 13.1
 
 (22b)
 
 N
 
 ∑ (τr(Dk+1) + τr(Dk))(∆(Dk+1) - ∆(Dk)) 2k)0
 
 (22c)
 
 The range of droplet diameter variation is divided into N partitions (applied N ) 500) and then every numerical value of Dk is established. Appendix C Calculation of an error caused by integration of eq 14 from ∆(Dc) to ∆(Dmax) is estimated from eq 9 after introducing into it eq 20. Then, v is replaced by relation of the droplet free falling velocity dependent on Dmin and the droplet velocity u is replaced by a similar expression dependent on drop diameter D. Such a relation is integrated first over drops diameter (Dmin up to Dc) and next over the scrubber height. During the last integration, the dependence of drops velocity on the scrubber height is neglected because these droplets are able to reach steady free falling velocity along a very short path length of the scrubber wall. The following formulas are developed to estimate calculation error of dimensionless pressure drop: 1. For laminarly flowing droplets with respect to a gas the following is obtained:
 
 (23)
 
 (
 
 LHν0.42 0.71 I × uTS2
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 Fs - F g F
 
 0.28∆(D
 
 0.87
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 ∫1X XX1.13--1 1 dX c
 
 (Dc - Dmin)
 
 2
 
 (24)
 
 Considering the relation
 
 X-1 X-1 X-1 < 1.13 < 2 X -1 X -1 X -1
 
 (25)
 
 an error of dimensionless pressure drop can be estimated in a range limited by the following formulas:
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 Xc + 1 < 2 ×
 
 ∆(Dc)Dmin0.87 (Xc - 1) (26) (Dc - Dmin)2
 
 (∆(Dk+1) - ∆(Dk)) (22a)
 
 )
 
 Remarkably, formula (23) cannot be applied for Dmin ) 0, corresponding to the lack of gas flow v ) 0. However, the error of the calculation of dimensionless pressure drop can be estimated on the basis of the left and right side calculations of a limit of relation (23) for v f 0. 2. For droplets flowing in a transitional region of flow, eq 9 can be transformed into the following form:
 
 (21)
 
 is calculated analytically for laminar droplet motion and in the range of 400 < Re < 25007 while in the range of 2 < Re < 400 it is computed numerically (Simpson method) due to a complicated u ) f(t) relation. The concentration of dispersed phase (4), the pressure drop caused by spray (14), and the residence time of the dispersed phase (15) are calculated (Rieman integration method) at the optional scrubber level according to the following formulas:
 
 L
 
 (
 
 Xc + 1 ∆(Dc) LHν ∆Eu ) 36 I ln 2 uTS2 (Dc - Dmin)2
 
 (20)
 
 3. For droplets moving versus gas in the range of 400 < Re < 2500, this error can be calculated from the equation
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 c)Dmin
 
 [
 
 2 1.5 (Xc (Dc - Dmin)2 3
 
 ]
 
 1) + (Xc - 1) (27) Similarly, the formulas for error estimation of the local dispersed phase concentration are developed. 1. For the laminar region of drops motion in gas:
 
 (
 
 )
 
 Xc + 1 ∆(Dc) LFνI ln ∆r ) 36 2 2 (Fs - F)g (Dc - Dmin)
 
 (28)
 
 2. For the transitional region, this error can be estimated in the range described by the relation
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 IF (Fs - F)g
 
 ln
 
 (
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 Xc + 1 < 2 0.87
 
 0.71∆(Dc)Dmin
 
 (Dc - Dmin)2
 
 (Xc - 1) (29)
 
 3. For the region of 400 < Re < 2500, the equation below holds:
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 ∆r ) 1.27L
 
 IF (Fs - F)g
 
 )
 
 0.5 ∆(Dc)Dmin
 
 1.5
 
 [
 
 2 1.5 (Xc - 1) + 2 3 (Dc - Dmin)
 
 ]
 
 (Xc - 1) (30) Nomenclature
 
 a, b ) vertical and horizontal sizes of a rectangular duct connecting the co- and countercurrent scrubbers [m]
 
 Ar )
 
 D3(Fs - F)g ν2F
 
 Archimedes number
 
 dIN ) diameter of gas inlet duct to the cocurrent scrubber [m] D ) droplet diameter [m] Dc ) droplet diameter from which improper integrals were calculated (boundary condition) [m] Di ) maximal droplet diameter in the ith partition obtained from a measurement of droplet size distribution [m] Dk ) minimal droplet diameter for the k + 1 partition established for eqs (22a)-(22c) integration [m] Dmax, Dmin ) maximal and minimal droplet diameters in spray [m]
 
 ∫D ) ∫D 1
 
 DS
 
 0 1
 
 0
 
 3
 
 2
 
 d[∆N(Z)]
 
 Sauter diameter of
 
 d[∆N(Z)] sprayed droplets [m]
 
 Eu )
 
 ∆P dimensionless pressure drop FuTS2 (Euler number)
 
 Eue ) dimensionless pressure drop obtained from experiment Eum ) dimensionless pressure drop calculated from the model F ) drag force acting on droplet moving versus gas in droplets cloud [N] F∞ ) drag force acting on single droplet moving in gas [N]
 
 Fo )
 
 ντ dimensionless time (Fourier number) DS2
 
 g ) acceleration due to gravity [m/s2] hP ) distance from symmetry axis of gas outlet duct to the lowest spray bank in the cocurrent scrubber [m] hS ) distance from symmetry axis of gas inlet duct to the lowest spray bank in the countercurrent scrubber [m] H ) distance between spray bank level and scrubber bottom, i.e., scrubber height [m] I ) interaction coefficient of moving droplets L ) volumetric slurry feed per unit of the scrubber crosssectional area and time unit [m3/s‚m2] n ) number of droplets with diameter D generated by spray bank per unit of cross-sectional area [m-2] N ) assumed number of partitions applied for eqs (22a)(22c) integration P ) gas pressure [Pa] Q ) pressure drop caused by spray consisting of droplets with diameter Dk [Pa]
 
 r)
 
 ∂R ) ∂y
 
 2
 
 ∂R dZ ∫ ∂Z∂y 1
 
 0
 
 local concentration of dispersed
 
 phase defined as slurry volume per scrubber volume [m3/m3] R ) volume of dispersed phase residing between spray bank (y ) 0) and level y per unit of scrubber crosssectional area [m3/m2]
 
 Re )
 
 |u|D Reynolds number characteristic ν for droplets motion
 
 Rev )
 
 vDS Reynolds number characterizing ν gas flow through the scrubber
 
 t ) time [s] u ) droplet linear velocity with respect to gas [m/s] uP0 ) initial droplet velocity versus scrubber wall [m/s] uTS ) terminal velocity of droplet characterized by Sauter diameter [m/s] v ) linear velocity of gas along scrubber wall [m/s] w ) linear velocity of gas in optional cross-sectional area of the apparatus [m/s] y ) distance from spray bank measured with respect to scrubber wall [m]
 
 X)
 
 D dimensionless variable Dmin
 
 Xc ) Z)
 
 Dc dimensionless simplex Dmin
 
 D - Dmin dimensionless droplet diameter Dmax - Dmin
 
 R ) constant parameter in eq 16 [kg/m3] δv ) volumetric fraction of droplets with diameter D in slurry feed (differential droplet size distribution) ∆(Z), ∆ ) volumetric fraction of droplets with diameters from Dmin to D (cumulative droplet size distribution) ∆N(Z) ) cumulative droplet size distribution as droplets number (per occurrence) ∆hP ) distance between spray bank levels in the cocurrent scrubber [m] ∆hi ) distance between the ith and (i+1)th spray bank levels in the countercurrent scrubber [m] ∆Eu ) absolute error of dimensionless pressure drop caused by spray presence due to limitation of integration boundaries from Dc to Dmax ∆P ) pressure drop caused by the presence of the spray, i.e., pressure difference at the inlet and outlet of the gas [Pa] ∆r ) absolute error of local dispersed phase concentration due to limitation of integration boundaries from Dc to Dmax λ ) drag coefficient of single-droplet motion in gas λc ) drag coefficient of droplet motion in a cloud of other droplets ν ) kinematic viscosity of gas [m2/s] F ) gas density [kg/m3] Fs ) slurry droplet density [kg/m3] σ ) independent variable, argument of differential droplet size distribution τr ) residence time of droplet with diameter D [s] τ ) average residence time of dispersed phase in scrubber [s]
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