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SCOPE



This section discusses the use of wet gas scrubbers for air pollution control applications. FCCU scrubbing systems are emphasized because they have been ExxonMobil’s major use of scrubber technology for environmental control. Wet gas scrubbing systems are capable of simultaneously removing both particulate matter and gases from gas streams. The information presented here provides the designer with background on the principles of wet gas scrubbing; it is not sufficient to create a detailed process design. Brief descriptions of a number of scrubber types and configurations are presented, as well as mathematical models that describe the particulate collection performance of the high-energy venturi scrubbers commonly used by ExxonMobil. Components and characteristics common to all scrubber types are discussed briefly, but the most detailed information is provided only for the type of scrubber ExxonMobil calls HEV's or high-energy venturi scrubbers. The following section focuses mainly upon wet gas scrubbing for particulate removal. Although basic principles of gaseous collection are presented here, more in-depth information, if necessary, should be obtained from the Distillation and Gas Processes Section of ExxonMobil Research and Engineering. 2 1. 2. 3. 4. 5. 6. 7. 8. 9. 10. 11. 12. 13. 14. 15. 16.
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BACKGROUND



Scrubbers have found widespread use in air pollution control applications due to their ability to simultaneously remove gaseous pollutants and particulate. In addition, they have high collection efficiency in applications where baghouses, electrostatic precipitators and cyclones cannot be effectively utilized (such as the collection of “sticky,” flammable, or corrosive particles). Scrubbing removes particulate by washing it from the flue gas stream with a liquid. Simultaneously, pollutant gases are removed by absorption into the liquid, and in certain applications, by subsequent reaction with a buffered solution contained in the liquid. There are a wide variety of configurations and methodologies available for scrubbing operations. Regardless of the specific design, however, the separation of the pollutants from the gas by scrubbing requires three fundamental steps: This information is considered CONFIDENTIAL and shall not be released to or discussed with any persons except (a) employees of ExxonMobil Affiliates who have an appropriate research agreement with ExxonMobil Research and Engineering Company (EMRE), and (b) consultants, contractors, or employees of third parties with whom proper secrecy agreements have been executed with EMRE or such ExxonMobil Affiliates. ExxonMobil Research and Engineering Company
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· ·



Separation of gas-borne contaminants from the gas stream by deposition or absorption onto a collecting surface.



·



Separation of the contaminant from the collecting substance, and subsequent recovery of the liquid and disposal of the contaminants.



Retention of the deposit on or in the collector.



The separation of gas-borne contaminants from the gas stream is accomplished by bringing the gas into contact with a collecting liquid. The contaminants may be captured by the liquid itself or, less typically, may first be caught on a scrubber structure (such as an impingement plate) and then washed off by the liquid. Regardless of the surface utilized, the final result is capture of particulate and acid gases in the liquid. The main mechanism of particle collection in a scrubbing system is driven by the relative velocity differences between particulate matter and the collection surface. Thus, more vigorous gas-liquid contact will result in higher collection efficiencies. Both the scrubbing liquid and the “cleaned” gas stream enter a separation vessel, where the contaminated liquid is separated from the gas stream. This is usually accomplished in a separate vessel called a separator or disengaging drum, where the drops are collected naturally (via gravity) or via centrifugal forces. Having been separated from the pollutant-bearing liquid, the cleaned gas can be vented to the atmosphere. Solids must be removed from the scrubbing liquid and disposed of in an environmentally sound manner. Similarly, adverse chemical species, such as absorbed acid gases, must be reduced or neutralized. To prevent solids build-up in the scrubbing system, a purge stream is drawn and sent to a treatment facility. The purge stream may be treated in the plant’s wastewater treatment facility, or may be sent to a separate purge treatment unit, depending upon the nature of the process and the quantity of pollutants. Regardless of where the purge stream is treated, the facility will include measures to separate captured, suspended, and dissolved solids from the liquid and to reduce the acidic nature of the liquid before it is released into the environment. In order to select a specific pollutant control alternative, one must have information pertaining to the particular application and site. Reviewing the advantages and disadvantages of each type of air pollution control equipment, however, may provide a preliminary screening. The following list provides some of the advantages and disadvantages generally associated with scrubbing systems: Advantages of Scrubbing Systems:



· ·



Relatively high collection efficiency (90 to 99+%), depending on the particle size distribution.



·



Ability to simultaneously collect gases as well as particulate.



· ·



Ability to handle high-temperature, high humidity gas streams.



·



Ability to achieve high collection efficiencies of fine particulate (however, at the expense of pressure drop).



·



Generally lower capital costs than fabric filters or electrostatic precipitators.



Relatively small space requirements.



Capable of removing “sticky”, flammable and/or corrosive particles.



Disadvantages of Scrubbing Systems:



· ·



May create water disposal problem.



·



Corrosion problems can be more severe than with dry systems.



· ·



Steam plume opacity and droplet entrainment may be objectionable.



·



Solids build-up at the wet-dry interface may be a problem.



Product is collected wet.



Pressure drop and horsepower requirements may be high if pressure is unavailable.



As early as 1974, New Source Performance Standards (NSPS) were promulgated to regulate the amount of particulate and carbon monoxide, which could be emitted from a Fluid Catalytic Cracking Unit (FCCU). On August 17, 1989 the US EPA promulgated an additional NSPS for sulfur dioxide emissions from FCCU’s. In an NSPS, the EPA is required to set emissions standards based upon Best Demonstrated Technology (BDT). Under the current regulations, the EPA has chosen scrubbers as the BDT for reducing SO2 emissions from FCCU units. ç



As early as 1971, ExxonMobil began development work on a scrubbing system to control atmospheric emissions from FCC’s, and March 1974 marked the first start-up of a venturi WGS system (a jet ejector venturi system) in refinery service. Since that time, This information is considered CONFIDENTIAL and shall not be released to or discussed with any persons except (a) employees of ExxonMobil Affiliates who have an appropriate research agreement with ExxonMobil Research and Engineering Company (EMRE), and (b) consultants, contractors, or employees of third parties with whom proper secrecy agreements have been executed with EMRE or such ExxonMobil Affiliates. ExxonMobil Research and Engineering Company
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over 15 ExxonMobil designed units have been put in place on FCC’s. These include units at Baytown, Baton Rouge, Beaumont, Chalmette and the former Bayway refinery, as well as numerous licensed units. Additionally, fixed and variable throat venturi scrubber systems have been installed to remove particulates from FLEXICOKING units at the Baytown and Rotterdam refineries, and fixed throat venturis have been used as either the back-up unit or primary unit to capture particulates from the Benicia and Syncrude Coke Silos. 4



WET SCRUBBER CAPTURE MECHANISMS



There are a number of mechanisms by which a pollutant can be separated from a gas stream. The particular mechanism(s) utilized by a given air pollution control device will depend upon the device configuration, and the characteristics of the pollutant(s) which it is attempting to capture. The following sections briefly describe the possible mechanisms by which particulate and gases can be captured in wet gas scrubber systems. 4.1



SEPARATION OF PARTICULATE FROM THE GAS STREAM



Separation of the particulate from the gas stream requires both a force to provide relative motion between the particles and the collecting surface, and a gas residence time sufficient for the particles to come into contact with the surface. The three collection mechanisms of greatest importance for most scrubber systems are (in order of importance): Inertial Impaction, Direct Interception, and Diffusional Deposition. Figures 1 through 3 illustrate these three mechanisms of particle deposition. 4.1.1



Inertial Impaction



The main mechanism by which particulate is collected in a typical scrubbing system is inertial impaction. Impaction is driven by the velocity differences between the dust particles and the collection surface. In the case of a venturi scrubber, water droplets provide the collection surface. Due to their inertia, particles which have a mass much greater than that of the surrounding air molecules will tend to travel in a straight-line path, and may depart from the gas streamlines that flow around the collection surface (see Figure 1). If the particle deviates far enough from the gas streamlines to contact the collecting surface, it will be captured. In general, the larger the velocity difference between the particle and the collection surface, the greater the collection efficiency, as the streamlines will diverge much closer to the collection surface, and the particles themselves will have increased inertia. 4.1.2



Direct Interception



The direct interception collection mechanism is based upon particle size. A given particle is assumed to follow the gas streamlines around the collection surface. If the center of a particle is traveling along a streamline which is within one particle radius of the collection surface, the particle will contact the collection surface and be captured, without the influence of inertia or particle meander (see Figure 2). As with inertial impaction, collection efficiency will increase when the velocity difference between the particle and the surface is large, due to the divergence of the gas streamlines closer to the collection surface. 4.1.3



Diffusion Interception



Diffusion interception is the main mechanism for the capture of small (sub-micron) particles, particularly those below about 0.3 microns in diameter. These particles do not have sufficient mass or volume to be captured effectively by inertial impaction or direct interception. Gas molecules constantly collide with the particles in the gas stream. For small particles with relatively low mass, these collisions result in a zigzag motion known as Brownian motion. Diffusion interception is the result of the Brownian movement of small particles; their zigzag motion results in deviation from the gas streamlines to the collection surface (see Figure 3). 4.1.4



Other Mechanisms



Other mechanisms exist by which solid particles can be removed from a gas stream, but the three mechanisms listed above are the most important for wet-gas scrubbing of particles. Among the other mechanisms are gravitational settling, thermal precipitation, electrostatic precipitation, and Stefan flow. The former three collection mechanisms are important for other separation devices, such as electrostatic precipitators, but typically have a relatively small effect on scrubbing systems. Stefan flow, which refers to the flow of gas (and entrained particles) towards a collection surface as a result of the condensation of water upon that surface, can substantially improve the performance of a scrubber. In the event that evaporation occurs, however, This information is considered CONFIDENTIAL and shall not be released to or discussed with any persons except (a) employees of ExxonMobil Affiliates who have an appropriate research agreement with ExxonMobil Research and Engineering Company (EMRE), and (b) consultants, contractors, or employees of third parties with whom proper secrecy agreements have been executed with EMRE or such ExxonMobil Affiliates. ExxonMobil Research and Engineering Company
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corresponding flow away from the particle can occur, resulting in decreased particle collection. Condensation of water vapor upon the aerosol particles can also increase efficiency by increasing the effective particle size, thus making the particles more susceptible to capture. However, there are limits to the amount of growth that condensation can have on particles. For example, when the temperature of a high dew point gas, typically 165 to 200°F (73 to 93°C), is cooled considerably, typically to 120 to 140°F (49 to 60°C) all of the particles in the range of 0.1 to 0.9 microns will grow to 0.9 microns. This will have a significant impact on the efficiency of any downstream scrubber. It must also be noted that the degree of cooling to achieve this growth is significant due to the high moisture content of the gas stream. 4.2



PARTICULATE COLLECTION EFFICIENCY



The overall particulate collection efficiency refers to the fraction of total particulate loading that is collected in the scrubbing process. The higher the efficiency, the more particulate is collected. In a given application, however, certain particle size ranges may be captured more readily than others . The collection efficiency of a given size range of particulate is referred to as the grade efficiency. The efficiency correlation presented in this section is dependent upon particle size, and is thus a correlation for grade efficiency. Although the overall efficiency cannot be approximated without a particle size distribution, the correlation can provide a qualitative description of the impact which parameters such as droplet diameter have upon the overall efficiency. When modeling the collection of particles in a wet-gas scrubbing system, a number of simplifying assumptions are typically made. The most important assumption is that inertial impaction is the only particulate collection mechanism. This assumption may not hold true under all conditions, since the collection of sub-micron particles, for example, is likely to be dominated by diffusion interception. Additionally, the stream exiting the scrubber is typically assumed to be fully saturated. This may not be the case, particularly for very hot or “dry” flue gas streams, where the scrubber is operating at low liquid to gas ratios where extensive evaporation must occur to saturate the stream. For these streams, the residence time in the scrubber nor the amount of available water may not be sufficient for the necessary quantity of water to evaporate. Generally, when dealing with scrubber systems, all mechanisms save for the inertial impaction are ignored. The particles impact upon the target. The specifics of the target depend upon the scrubber type. In venturi-type scrubbers and spray chambers, the targets are droplets of the scrubbing liquid; in packed, tray, and baffled towers, the targets are either tower internals or liquid streams associated with those internals. The impaction efficiency is often correlated with the dimensionless parameter called the Stokes, or inertial, number (Stk). It is defined as: Stk =



ur rp Dp2 18 m g Dt



Cu



where: with any dimensionally consistent units (meters, kilograms and seconds, for example): ur



rp Dp Dt



mg Cu



= Relative velocity between the target and the particle = Particle density = Particle diameter = Target dimension, the choice of which depends upon the scrubber type. For HEV scrubbers, the target dimension is the droplet diameter. In packed towers, the packing diameter is the dimension of interest, and in baffle towers, the width of the baffle is the characteristic dimension. = Gas viscosity = Cunningham, or “slip” correction factor, which is most significant for small (diameter < 1 mm) particles. As a particle’s diameter decreases and approaches the mean free path of the gas molecules, collision between the gas molecules and the particles becomes less likely. Small particles can more easily “slip” between the gas molecules. Their tendency to “slip” between gas molecules allows small particles to cross the streamlines of the bulk gas flow more readily than large particles, and results in an increased probability of collision with the obstacle around which the gas is flowing.
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where: l



Mean free path of gas molecules. If l is in mm, then:



= æ



ö



Tg



ç Pg ÷ è ø



M



æ



ö
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ç Pg ÷ è ø



M



m l = 12.38 ç g ÷ m l = 47.42 ç g ÷ where: mg Pg Tg M
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= = = =



(Customary Units)



(Metric Units)



Gas viscosity in cP (cP) Gas pressure in psia (kPa) Gas temperature in °R (K) Gas molecular weight



Treating the particles according to Stokes’ Law, their equations of motion can be found by equating the particle inertia force to the drag on the particle due to the air. Solutions to these equations will depend upon the velocity field, and thus will vary with the collector shape and the boundary conditions assumed. The maximum, or “ideal” flow and values of Stk greater than 0.1, the experimental values of inertial impaction collection efficiency, hp, for spheres can be approximated by the correlation: æ



2 Stk



ö



2



÷÷ hp = çç è 2 Stk + 0.7 ø where: hp



=



The grade collection efficiency for particles of a particular diameter



The overall collection efficiency of a scrubber increases with increasing grade efficiency, which in turn, increases with an increasing Stokes number (Stk). For a particular scrubber type, the collection efficiency also depends upon other variables (i.e., the liquid-togas ratio and geometric factors) that do not appear in the Stoke’s number. The HIGH-ENERGY VENTURI SCRUBBER PERFORMANCE section in this document provides an example of the effect, which these parameters have upon scrubber efficiency (for at least one scrubber type). 4.3



COLLECTION OF GASEOUS COMPONENTS



This section presents only the basic principles of gaseous collection. More detailed information can be obtained from the Distillation and Gas Processes Section of ExxonMobil Research and Engineering. One of the main advantages of scrubber systems is their ability to remove both particulate and gaseous pollutants simultaneously. The process by which a gas or gaseous component is “captured” by a liquid is known as absorption. Absorption occurs when the solute gas and liquid absorbent are vigorously contacted and a concentration gradient is established between the two phases. Mass transfer between the two phases results in net movement of the solute gas molecules from relatively high concentrations in the gas phase to lower concentrations in the liquid phase. The rate of interphase mass transfer is controlled largely by the diffusivities between the phases, the effective surface area between the phases, and the concentration gradients. In cases where the gaseous components react with the liquid to form a new compound (chemical absorption), the concentration gradients are altered, resulting in more rapid diffusion and a greater pollutant handling capacity for the liquid. When applicable, chemical absorption processes typically dominate. The rate of chemical absorption is typically much greater than the rate at which the gaseous components can diffuse into the droplet. The physical processes of diffusion and convection are still important, however, as they control the rate at which the reactants are brought together. In a gas film controlled where a fast This information is considered CONFIDENTIAL and shall not be released to or discussed with any persons except (a) employees of ExxonMobil Affiliates who have an appropriate research agreement with ExxonMobil Research and Engineering Company (EMRE), and (b) consultants, contractors, or employees of third parties with whom proper secrecy agreements have been executed with EMRE or such ExxonMobil Affiliates. ExxonMobil Research and Engineering Company
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chemical reaction occurs between the absorbed gas and scrubbing liquid, the rate limiting step in the absorption process is often considered to be gas diffusion through a thin boundary layer at the gas-liquid interface. Physical and chemical equilibrium conditions play an important role in the selection of a scrubbing liquid as they impose an upper limit on the quantity of gas that can be absorbed. Departure from equilibrium provides the driving force for mass transfer, and once equilibrium is established, no further net absorption can occur. Thus, high gas solubilities are desirable in a scrubbing liquid. A particular scrubbing liquid is chosen for its absorption capacity for the gas (considering both solubility and chemical absorption), its selectivity, its (preferably low) vapor pressure, ease of regeneration, cost, flammability, toxicity, corrosiveness, viscosity and thermal stability. 4.3.1



Physical Equilibrium Conditions



In the absence of chemical reactions, the relationship between the pollutant concentration in the gas and liquid mixtures can be expressed in several ways. One of the most common expressions relates the vapor phase mole fraction of a component A, yA, to a function of the activity coefficient of the species, gA, the mole fraction of the pollutant in the liquid, xA, the saturation vapor pressure of the liquid, p sat A , and the total pressure in the system, P.



y A P = g A x A PAsat Under typical scrubber operating conditions, Henry’s law can be applied: y A P = HA x A where HA, the Henry Coefficient, must be experimentally determined. Although values have been tabulated in most reference books for a number of systems the published values often differ widely. High values of HA indicate low scrubbing capacity of the liquid for the pollutant, while low values indicate a high absorption capacity. To absorb a particular quantity of gas in the absence of chemical reactions, a much larger amount of liquid would be necessary for systems with a high value of HA (on the order of more than 100 atmospheres) than in the case of a system with a small value of HA. 4.3.2



Chemical Equilibrium Conditions



Gas absorption often uses a solvent that reacts with the gas. When a chemical reaction takes place in the liquid with the absorbed molecules as they are diffusing, the liquid concentration is reduced and the driving force for absorption increases. In the example of a chemical absorption process given below, diffusion or convective processes transfer the pollutant A to the liquid. Once in the liquid, it encounters a reactant B, and chemical conversion to a new product(s) P, which has no polluting properties, occurs: k1 A + zB



® ¬



sP



k2 where z and s are stoichiometric coefficients and k1 and k2 are rate constants for the forward and reverse reactions, respectively. The chemical equilibrium constant, KA,ch, is defined as follows: K A,ch =



cPs z c A cB



, where cA, cB, cP are the concentrations of compounds A, B and P, respectively.



For the chemical absorption process, it is of great advantage when the chemical conversion is product oriented - when the rate of the forward reaction and the equilibrium constant are large. Under these circumstances, the chemical reaction occurs rapidly in the liquid phase close to the interface. Due to the high reaction rate, the absorbed gas is rapidly converted to another compound; thus maintaining a high concentration gradient, substantially accelerating the absorption process and increasing the absorption capacity This information is considered CONFIDENTIAL and shall not be released to or discussed with any persons except (a) employees of ExxonMobil Affiliates who have an appropriate research agreement with ExxonMobil Research and Engineering Company (EMRE), and (b) consultants, contractors, or employees of third parties with whom proper secrecy agreements have been executed with EMRE or such ExxonMobil Affiliates. ExxonMobil Research and Engineering Company
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of the scrubbing liquid. The limiting step in the absorption process will be the rate of gas diffusion through the boundary layer between phases. 4.3.3



Mass Transfer



Diffusion between the gas and liquid phases results in the net movement of the solute gas molecules from the gas phase to the liquid phase. There are two main mechanisms of diffusion; molecular diffusion and eddy diffusion. Molecular diffusion is the mass transfer process that results when a component’s concentration varies from point to point in a mixture. Molecules will move from regions of high concentration to regions of lower concentration because of their thermal motion. In a stagnant system, molecular diffusion will be the only mass transfer mechanism. Under these circumstances, the molar flux, and hence the rate of diffusion, is directly proportional to the concentration gradient and the diffusivity of the diffusing component. In a turbulent systems like a venturi throat, impingement tray or packed tower however, eddy diffusion will typically be the dominant mass transfer mechanism. Eddy diffusion is caused by masses of gas and liquid moving as a whole, and results in a much more rapid mass transfer process than straight molecular diffusion. Mass is transferred by the circulation of fluid eddies, which are the result of velocity fluctuations from point to point in the turbulent fluid. The eddy diffusivity increases with the velocity of the fluid and the degree of turbulence and is generally several orders of magnitude larger than the molecular diffusivity. At high Reynolds numbers in gas mixtures, the eddy diffusivity can be 100 times greater than the molecular diffusivity. Gas absorption in a typical scrubbing application can be envisioned as occurring in three steps: (1) a component in the gas phase moves to the gas-liquid boundary, (2) the component crosses the boundary, and then (3) the component moves into the bulk of the liquid phase. The rate of transfer in the gas and liquid phases is proportional to the concentration difference between the bulk fluid and the boundary. Depending upon the process conditions in the scrubber, any one of the three steps could be the rate-limiting step in the absorption process. A rate-limiting step is one, which is significantly slower than the other steps in a process, such that the overall rate of the process is equal to that of the limiting step. The rate of absorption under high velocity, high turbulence conditions (such as those occurring in an HEV) when coupled with rapid conversion of the gaseous pollutant(s) by chemical reaction in the liquid, will be limited by the diffusion of gas through the thin interface layer (gas-liquid boundary) between the phases in this gas-film controlled system. Typically, the smaller the droplet size, the higher the rate of absorption. The rate of mass transfer between phases is often proportional to the area of the thin boundary layer film between phases. The area of thin film between phases is proportional to 1/d, where d is the diameter of a liquid or gas drop, or the thickness of a liquid film. Thus, from a purely theoretical standpoint, liquid droplets or collection films should be as small as possible for absorption. Practically, the size of the droplets is limited by the amount of power needed to generate the small droplets, the need to separate them from the gas phase later in the process, and by limitations on film thickness due to the surface solid wetability. The rate and extent of gas absorption in a scrubbing system cannot be easily expressed in the format of a general equation, as any such representation is dependent upon the rate limiting steps in the process. The rate-limiting step in the absorption process for a given scrubber application will depend upon several factors, including the properties of the liquid itself, the vigor of the mixing, the thickness of the collecting liquid surface, and the rate of any chemical reactions in the scrubbing liquid. For more detailed data on absorption processes, the reader should contact the Distillation and Gas Processes Section of ExxonMobil Research and Engineering. 4.3.4



Acid Gas Neutralization in the Scrubber



SO2 is the most common acid gas removed in scrubbing systems. Alkali injection into the scrubbing liquid is necessary for acid neutralization if a scrubbing system is used to absorb acid gases. The following is a brief description of the neutralization process that occurs in a scrubbing liquid, which has absorbed SO2 from a gas stream. An example of such a system would be a scrubber in FCCU service. Although the exact equations will vary, neutralization of other absorbed acid gases occurs by a similar set of reactions. Alkali injection (generally caustic) into the scrubbing liquid is required to neutralize the SO2 scrubbed out of the flue gas. The caustic is injected via a control valve connected to two parallel pH analyzers on the slurry recirculating loop. The system is designed to maintain the liquid at a pH level of 6.7. Below 6.2 pH, high rates of corrosion will result, while above 8 pH, additional caustic will be consumed by CO2 absorption. The following equations show the removal, buffering and regeneration of the buffering system of the slurry: This information is considered CONFIDENTIAL and shall not be released to or discussed with any persons except (a) employees of ExxonMobil Affiliates who have an appropriate research agreement with ExxonMobil Research and Engineering Company (EMRE), and (b) consultants, contractors, or employees of third parties with whom proper secrecy agreements have been executed with EMRE or such ExxonMobil Affiliates. ExxonMobil Research and Engineering Company
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Removal:



SO2 (g) + 2 H2O ® H3O + + HSO3-



Buffer:



H3O + + HSO3- + Na2SO3 ® 2NaHSO3 + H2O



Regeneration:



NaHSO3 + NaOH ® Na2SO3 + H2O



June, 2004



Total caustic usage in the wet gas scrubber system is roughly stoichiometric to the amount of sulfur oxides removed, and must be replenished accordingly. Oxygen levels in the inlet gas and in solution must be kept low or oxidation of the sulfite buffer will occur (forming sulfate and sulfite salts), and the acids will not be neutralized. Once sulfites are depleted, SO2 and SO3 absorbed into the scrubbing liquid will form sulfurous and sulfuric acid. These acids will drop the pH throughout the entire scrubber system, and lead to reduced SO2 removal and increased corrosion. For this reason, oxygen content levels in the flue gas should be kept below 3 percent (by volume) to maximize SO2 absorption. ç



NOx may also be removed using wet gas scrubbing. The majority of NOx from a FCCU or combustion process is NO, which has very low water solubility. However, addition of an oxidizing agent will oxidize NO to higher oxides, which can be removed in the scrubbing process. Sodium chlorite is one such oxidizer. However, it also oxidizes SO2, increasing chemical consumption and cost, and thus must be added downstream of SOx removal in a second scrubbing stage.



5



SCRUBBER TYPES



Scrubbers are available in a wide range of designs, collection abilities, and capital and operating costs. They can be categorized according to the mechanisms by which they operate. One characteristic mechanism of a scrubber’s operation is the method by which water droplets are created and introduced into the gas stream. Scrubbers can either utilize a mechanically atomized spray, or a gas-atomized spray, where the kinetic energy of the gas stream is used to fragment the liquid into droplets. Additionally, scrubbers can be characterized as high or low energy, depending mainly upon the pressure drop across the scrubber. If the pressure drop resulting from passage through a scrubbing unit is greater than 30 in. (76 cm) of water, then the scrubber is referred to as “high-energy,” if less than 30 in. (76 cm) of water, “low energy.” 5.1



MECHANICALLY ATOMIZED SPRAY SCRUBBERS



Mechanically atomized spray scrubbers utilize nozzles or some other mechanical device to create and distribute liquid droplets in the gas stream. These droplets provide the collection surface for particulate capture and the increased liquid surface for gas absorption. Mechanically atomized scrubbers are generally characterized as low energy, and have lower pollutant collection efficiencies than most high-energy scrubbers. 5.1.1



Spray Chamber



These low energy scrubbers are perhaps the simplest of all scrubber designs, although several different variations of the basic concept exist. The most common of these is the gravity spray tower (see Figure 4). Liquid drops are formed by atomization of the liquid in a spray nozzle, and fall through the rising flue gases. For higher gas velocities, a mist eliminator may be necessary to remove any droplets entrained with the gas flow. This scrubber type is characterized by a relatively low-pressure drop, typically 1 to 2 in. (2.5 to 5 cm) H2O), and its ability to handle large gas and particulate flows without plugging. Actual particulate collection efficiencies will vary depending upon factors such as residence time, relative flow rate, and pressure from the water sprays, but, in general, spray towers are not as effective as other methods in removing small particulate (< 5 to 10 mm). Particles larger than 10 mm can typically be removed with efficiencies up to about 70%. Use of high-pressure, typically 100 to 400 psi (7.0 to 28.0 kg/cm2) water sprays may increase the efficiency by as much as 20%. Spray chambers are relatively inexpensive to build and operate, however, and are often used to pre-cool and/or saturate hot streams, and to collect large (> 25 mm) particulate. This information is considered CONFIDENTIAL and shall not be released to or discussed with any persons except (a) employees of ExxonMobil Affiliates who have an appropriate research agreement with ExxonMobil Research and Engineering Company (EMRE), and (b) consultants, contractors, or employees of third parties with whom proper secrecy agreements have been executed with EMRE or such ExxonMobil Affiliates. ExxonMobil Research and Engineering Company
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Centrifugal Scrubbers



Also known as cyclonic scrubbers, these devices impart a spinning motion to the gas stream (see Figure 5). Sprays are typically directed through the rotating gas stream to catch particles (although the walls can be wetted also) by impaction. The sprays are either directed inward from the collector wall, or outwards from a central spray manifold. Centrifugal scrubbers typically operate under a pressure drop between 3 to 8 in. (7.6 to 20.3 cm) of water, with particulate collection efficiency up to 99% for particles greater than about 2 microns in diameter. Due to their low contact energy, they are generally inefficient for collection of particles smaller than 1 to 2 mm in diameter. The gas absorption capabilities of the centrifugal scrubber are slightly better than those of a comparable simple spray tower operating at the same liquid to gas ratio. 5.1.3



Baffled Towers



Baffle towers (see Figure 9) are collection devices that utilize solid surfaces to cause changes in gas flow and direction. Particle deposition occurs on the baffles due to inertial impaction and direct interception. Atomized liquid is injected into the gas stream and the combined mixture then enters the baffles. Liquid, which collects on the targets, falls to the bottom of the scrubber and into a collection sump. A number of different baffle designs are possible, including shed or disc-and-donut baffles. Depending upon the type of target plates used, baffle towers can be designed to efficiently (typically about 90 to 95%) scrub particles as small as one or two microns in diameter. Not enough contact energy is provided, however, to provide efficient scrubbing of the sub-micron level. Typical operation of baffle towers for particulate scrubbing entails relatively low pressures drop; about 1 to 3 in. (2.5 to 7.6cm) of water. In general, baffled towers are less efficient than packed or tray towers, but they are less prone to plugging. 5.1.4



Packed-Bed Scrubbers



Packed-bed scrubbers are commonly applied in the removal of pollutant gases and vapors, but may also be used for the removal of particulate matter. They are generally more efficient than spray or baffled towers, but result in a larger pressure drop across the scrubber. They can be operated either under co-current (horizontal or vertical), crosscurrent or counter-current flow regimes, depending upon the required flow rates and collection efficiencies (see Figure 6). Generally, counter-current flow provides the most efficient collection of particulates, but for high velocities (which are necessary for high efficiency removal of small particulates), co-current flow may be necessary to avoid flooding. The coarseness of the bed packing will depend upon the size of the particles to be collected; coarse packing will be used to remove larger particles and will be capable of handling larger and/or faster gas flows, while finer packing may be used to remove smaller particulate. Fine packing results in a higher pressure drop and have a greater potential for plugging. The final choice of packing material will be restricted by such considerations. 5.1.5



Jet Ejector Venturi Scrubbers



The jet ejector venturi scrubber (JEV) relies upon a co-current water jet from a spray nozzle located at the top of the jet scrubber to induce or increase air pressure within the scrubber. The water spray must be of sufficient volume and pressure to provide both adequate air entrainment and enough contacting power for scrubbing of particulate. The spray is introduced at a point above the “throat”, or constricted section of the scrubber. Gas and liquid then pass though the throat, under conditions of high turbulence, and continue through the diverging section of the scrubber (one of expanding cross-sectional area). The gas-liquid contact provided by the sprays and the turbulence in the throat provide the scrubbing mechanism. The JEV is often used as a gas absorption tool. Their relatively good dust collection efficiency (approximately 99%) and lack of any moving parts also makes JEV’s an option for handling abrasive or sticky particulate materials. Gas pressure drop is negligible because the liquid spray provides the contacting power. Early FCCU scrubbers were of the JEV design to avoid backpressure on the CO boiler and upstream ducting for existing FCCU’s. In most cases, these scrubbers are used to boost gas pressure or to induce a draft on the inlet side. Pressure increases of up to 7 in. (17.8 cm) of water can be induced, but rises of 1 to 3 in. (2.5 to 7.6 cm) of water column are more typical. 5.2



GAS ATOMIZING SPRAY SCRUBBERS



Gas atomizing scrubbers utilize the kinetic energy of the gas to create and distribute droplets of scrubbing liquid in the gas stream. The manner by which this is accomplished will differ for different scrubber types. Generally, the high velocity gas contacts a film, This information is considered CONFIDENTIAL and shall not be released to or discussed with any persons except (a) employees of ExxonMobil Affiliates who have an appropriate research agreement with ExxonMobil Research and Engineering Company (EMRE), and (b) consultants, contractors, or employees of third parties with whom proper secrecy agreements have been executed with EMRE or such ExxonMobil Affiliates. ExxonMobil Research and Engineering Company
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stream, or pool of scrubbing liquid, and uses the gas stream’s kinetic energy to break up all or part of the liquid into droplets, and to entrain the droplets in the gas stream. The high degree of turbulence between the gas and liquid phases results in vigorous mixing and distribution of the droplets of scrubbing liquid through the gas stream. The collection efficiencies and characterization of each scrubber type as either high or low energy will depend upon the manner in which it is operated, although venturi scrubbers described below are almost always operated as high energy, high efficiency scrubbers. 5.2.1



Orifice Scrubbers



Figure 10 illustrates a typical impingement and entrainment scrubber configuration. The gas stream contacts a liquid pool in front of a submerged orifice at the entrance to the scrubber. The liquid is entrained with the gas flow and carried through the orifice (which is actually a restricted chamber of some length), where droplets created from the liquid’s impact with the gas stream collect particulate, mainly by inertial impaction. Upon exiting the restricted orifice, the larger droplets are separated from the gas by gravity, and the smaller particles are separated by impingement on baffles located at the top of the unit. The pressure drop in these systems is variable, 3 to 10 in. (7.6 to 25.4 cm) water, with relatively high collection efficiencies (often in the 90 to 95% range) for particulate as small as 3 mm in diameter. Due to the relatively low contact energy provided in the scrubber, however, the impingement and entrainment scrubber will not be as efficient device for the collection of sub-micron particles as a venturi scrubber. 5.2.2



Impingement Plate Scrubbers



Impingement plate scrubbers (see Figure 7) are another form of gas atomizing scrubbers. Like orifice scrubbers and venturi scrubbers, impingement plate scrubbers use the kinetic energy of the gas to create and distribute droplets of scrubbing liquid throughout the gas stream. Impingement scrubbers utilize perforated plates with an impingement baffle for each perforation. Gas flows in at the bottom of the scrubber where it contacts and entrains liquid. The gas flowing upward is then divided into thousands of small jets as it passes through the perforated plates. Operating pressure drops of 5 in. (12.7 cm) water column or higherpressure drops through the perforations are common. As each jet contacts the baffle, it deposits the water on to the baffle and creates a wetted surface on the baffle at the point of maximum jet velocity. The impingement of particles upon the wetted surface traps them in the scrubbing liquid. On collision with the baffle, each jet forms minute gas bubbles which rise through and create a turbulent layer in the liquid blanket on the baffle. This turbulence provides increased contact between the gas and scrubbing liquid, and prevents settling of entrapped particles. Impingement scrubbers are typically used to collect particles larger than several microns in diameter, but they can be used for mass transfer and/or the collection of smaller particles. Particulate collection efficiencies between 90 to 98% can be achieved for particles over 1 mm in diameter. Typical pressure drops are in the range of 1 to 4 in. (2.5 to 10.2 cm) water, but can be as high as 20 in. (50.8 cm) of water. 5.2.3



High Energy Venturi Scrubbers (HEV's)



High-energy venturi scrubbers have the highest collection efficiency of any scrubber type. At pressure drops in excess of five in. (12.7 cm) water column or higher (where gas atomization begins), they are applied to air pollution control problems where very high particulate collection efficiencies (beyond the capability of other scrubber types) are required and other very high efficiency particulate collectors, such as electrostatic precipitators and fabric filters, cannot effectively be utilized due to “sticky,” flammable or corrosive particulate. Additionally, because HEV’s are the only very high efficiency (99+%) collectors capable of removing both gaseous and particulate matter (including particles < 1 mm) from a gas stream, they are often used in applications where acid gases and particulate matter must be removed simultaneously with high efficiency. The main characteristic that distinguishes venturi scrubbers (illustrated in Figures 8A and 8B) from other gas atomizing scrubber types is the gas-liquid contacting throat. Unlike the jet ejector venturi, which uses mechanical energy to form the collection droplets, HEV's utilize the kinetic energy of the gas to shatter the liquid stream into droplets. Particle-laden gas flowing through the converging section of the venturi (A) is accelerated and fed into the throat, where it contacts the scrubbing liquid, which is introduced as either a film at the top of the converging section, or a spray at the top of the throat. The energy of the impact between the liquid and the rapidly moving gas atomizes the liquid into droplets, which then act as a collection medium for acid gases and particulate suspended in the flue gas stream. Inertial particulate collection continues in the throat as long as a differential velocity exists between the gas and water droplets. Drag forces accelerate low velocity water entering the throat to the This information is considered CONFIDENTIAL and shall not be released to or discussed with any persons except (a) employees of ExxonMobil Affiliates who have an appropriate research agreement with ExxonMobil Research and Engineering Company (EMRE), and (b) consultants, contractors, or employees of third parties with whom proper secrecy agreements have been executed with EMRE or such ExxonMobil Affiliates. ExxonMobil Research and Engineering Company
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velocity in a maximum of 10 in. (25 cm) of travel. Therefore, throat length is set at 12 in. (30 cm) or more. Gas absorption occurs in both the throat and the diverging section. Therefore, a longer diverging section will result in better gas absorption. The gasliquid slurry leaving the throat enters the diverging section of the scrubber. The diverging, or pressure recovery, section is a constantly expanding duct section starting with a minimum cross sectional area at the throat, and expanding to a point where the scrubbed gas can typically be discharged at a velocity of less than 100 ft/s (30.5 m/s). 6



SELECTION OF SCRUBBER TYPE



Selection of a basic scrubber type depends primarily upon the required collection efficiency, the size distribution of the particles to be collected, and the allowable pressure drop. Maintenance requirements, investment and operating costs of the scrubbing installation, and the cost of containment and disposal facilities are also factors affecting the design specifics of the chosen scrubber type. Because of the significant operating and investment costs associated with erosion in high turbulence areas, and the investment and operating costs of blowers, fans, and compressors (if necessary), the pressure drop through a scrubber is a primary consideration when the scrubber is installed on an exhaust system or a furnace stack. For this reason, the optimum scrubber design is usually the one that meets the requirements for collection efficiency with the minimum pressure drop. Consideration of the above mentioned factors for typical ExxonMobil applications (FCCU’s) of scrubbing technology often leads to the selection of either the jet ejector venturi or the high energy venturi scrubbers, depending on available pressure. 7 7.1



HIGH ENERGY VENTURI SCRUBBER PERFORMANCE



VENTURI SCRUBBER EFFICIENCY



This section provides an equation for the particulate collection performance of a venturi-type scrubber. Only the performance of the HEV type scrubber is provided here. Similar equations describe the performance of all scrubber types, however, because the primary mechanism for particle collection in each - inertial impaction - is the same. These equations provide an estimate of the collection efficiency of a particle of a given diameter, as a function of:



·



Viscosity, density, and surface tension of the scrubbing liquid, gas, and particles.



· ·



Droplet diameters or some other measure of the target dimension.



·



Empirical correlation constant(s).



Relative stream velocities, gas and liquid flow rates, and/or pressure drop across the scrubber.



The most up-to-date data should be sought on the selection of the empirical factors needed to estimate collection efficiency, since the efficiency may be very sensitive to the empirical factor chosen. In most cases, pilot plant data on the stream to be scrubbed is needed to determine the empirical factors. The nature of the particles, including the particle wetability, shape, porosity, surface roughness, and solubility, strongly influence the ease of collection. For convenience in performing the calculation, performance equations are often written to estimate penetration, rather than collection efficiency. Penetration, Pt, is the fraction of the particles which are not collected, and is related to collection efficiency, h, by the following equation: h = 1- Pt



Calvert’s method is used to predict high-energy venturi scrubber efficiency. Calvert’s equation for the penetration of a particle of a given diameter is: ì ï Pt = exp íc1 ïî
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where: (Metric units are in parentheses): c1 = 6.149 (1.6582) QL = Scrubbing liquid flow rate, gpm (liters/min) ug = Gas velocity in the throat, ft/s (m/s) 3 rL = Liquid density, lb/ft (g/cm3) = Droplet diameter of scrubbing liquid, mm (see below) dd = Gas flow rate (actual, saturated), ACF/min (m3/min) Qg mg = Gas viscosity, lb/ft·hr (cP)



f K



= =



Empirical constant (see below) Inertial impaction parameter, evaluated using gas velocity in the throat



= = = = = =



ær d 2u ö p p g C2 çç Cu ÷÷ 9 m g dd è ø 1.1814*10-2 (1) Particle density, lb/ft3 (g/cm3) Particle diameter, mm (mm) Gas velocity in the throat, ft/s (m/s) Cunningham correction factor Gas viscosity, lb/ft·hr (cP)
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rp dp ug Cu
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“f Factor” in Venturi Scrubbers - The factor, f, appearing above the HEV penetration equation is an empirical factor which accounts for the influence of various parameters that are not explicitly included. These parameters include collection by means other than impaction, particle growth due to condensation and humidification, droplet sizes other than those expected, loss of liquid to the venturi walls, maldistribution of droplets, acceleration of the droplets, and other effects.



In general, f values increase with the hydrophilic nature of the particles; and f values also increase with decreasing particle size. Calvert et al. indicate a range of f values from 0.25 for large (³ 5 mm) particles, to 0.8 for small (< 0.5 mm), hydrophilic particles. When feasible, a pilot scrubber should be operated on the stream to be scrubber cleaned in order to determine the correct value of f to use for design. When pilot tests are not feasible, contact the Environmental Engineering Section of ExxonMobil Research and Engineering for guidance. Droplet Diameter in Venturi Scrubbers - The mean droplet diameter, dd, for use in the above equations, can be estimated by the Nukiyama and Tanasawa correlation: éc dd = ê 3 ëê ug
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585 (5385) 0.0597 (40.46) Liquid surface tension, lbm/min2 (dynes/cm)



Other terms as previously defined. 7.2



HIGH ENERGY VENTURI SCRUBBER PRESSURE DROP



Due to the significant operating and investment costs associated with erosion of parts in high turbulence areas, and the investment and operating costs of fans, blowers, and compressors (if necessary), the pressure drop through a scrubber is a primary considerations when the scrubber is installed on an exhaust system or furnace stack. Pressure drop is of greatest concern in high energy scrubbing applications, where the it is the highest relative to other scrubber types. Thus, an equation for a high-energy This information is considered CONFIDENTIAL and shall not be released to or discussed with any persons except (a) employees of ExxonMobil Affiliates who have an appropriate research agreement with ExxonMobil Research and Engineering Company (EMRE), and (b) consultants, contractors, or employees of third parties with whom proper secrecy agreements have been executed with EMRE or such ExxonMobil Affiliates. ExxonMobil Research and Engineering Company
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scrubber (HEV) pressure drop is presented here. The HEV was chosen for illustrative purposes because it has been one of ExxonMobil’s major use of scrubber technology for environmental control. It should be noted, however, that the same general principles, apply to other high energy scrubbing applications The pressure drop for gas flowing through a high-energy venturi scrubber (HEV) is due to the friction along the wall and the acceleration of liquid drops. The pressure drop in a venturi scrubber can be calculated by the (modified) Calvert Equation:



DP = - c 5



where: x =
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Pressure drop, in. of water, SG = 1.0 (mbars) Gas velocity in the throat, ft/s (m/s) Scrubbing liquid flow rate, ft3/s (m3/s) Gas flow rate, ft3/s (m3/s) Density of scrubbing liquid, lb/ft3 (g/cm3)
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Density of scrubbing gas, lb/ ft3 (g/cm3) Diameter of the droplet, in. (cm) Throat length, in. (cm) Drag coefficient at the throat inlet, dimensionless 24 = 0.22 + 1 + 0.15 NRe0.6 NRe Reynold’s number based on droplet diameter r1 ug dd c6 m 0.01 (1.92*10-5)
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SYSTEM COMPONENTS OF EXXONMOBIL SCRUBBING SYSTEMS



The purpose of this section is to draw the reader’s attention to the many facets of a pollution abatement system that should be considered in addition to the scrubber components themselves. It is not the intent to give the detailed information necessary for designing such equipment, but rather to guide the reader on the considerations for specifying a complete installation. There are five primary objectives that are common to any scrubbing system:



·



A method to introduce and evenly distribute the gas and the liquid.



·



A method to mix the gas and the scrubbing liquid, and thus achieve the removal of pollutants from the gas stream.



· ·



The separation of the liquid and the cleaned flue gas.



·



The environmentally sound disposal of the scrubber waste or purge stream.



The discharge of the cleaned flue gas to the atmosphere.



The discussions, design requirements, specifications, and calculation procedures provided in this section apply specifically to pollution control applications for petroleum refining fluid solid units and more specifically to the Fluid Catalytic Cracking Unit (FCCU). The FCCU application was selected for illustrative purposes because it has been ExxonMobil’s major use of scrubbers for environmental control. It should be noted, however, that the general principles apply to most environmental WGS applications.
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Scrubbers were selected by the US EPA as the Best Demonstrated Control technology for reducing SO2 emissions from FCCU units. This fact coupled with the HEV's high collection efficiency for both gases and particulate (including particulate in the submicron size range), often leads to the selection of an HEV over other scrubber types. Figures 8A and 8B illustrate a typical venturi scrubber and it’s various components. Each of these components is described in the following sections. 8.1



INTRODUCTION OF FLUE GAS AND CIRCULATION SCRUBBER LIQUID



Uniform flue gas and scrubbing liquid flow distributions are essential for the efficient collection of particulate and acid gases. Proper design of flue gas ducting and liquid piping are necessary to ensure an even flow distribution of gas and liquid over the cross-section at the entrance to each scrubber. The design of piping and ductwork must also take into account the potential problems which can typically arise in scrubbing systems, including erosion, corrosion and pluggage. 8.1.1



Flue Gas Ducting and Gas Flow Appliances



For optimum performance, it is important to provide a uniform gas distribution to each scrubber in a multiple scrubber configuration and a uniform gas flow at the inlet and to each gas passage of each scrubber. In HEV-WGS scrubbing systems, even distribution of the flue gas to each venturi is provided by a top hat distributor, which provides equal hydraulic legs to each of the scrubbers. In JEV-WGS systems equal hydraulic runs generally start at the CO boiler. In both systems, the flue gas ducting should be flow modeled to insure proper flow distribution. Tests have shown that following these procedures will provide equal gas flow (within five percent) to the scrubbers for each system. Additionally, the venturi flue gas lines must be symmetrical to aid in obtaining an even flow distribution to each venturi. If the scrubber throat and converging sections are rectangular, a “round-to-rectangular” transition piece must be provided. The piece should be sufficiently long to ensure a uniform gas distribution into the inlet of the scrubber, as demonstrated using a flow model. Fluid streams containing high levels of particulate, particularly FCCU catalyst, can be highly erosive regardless of the transport medium. To avoid excess erosion, use of flow regulating devices is avoided. Additionally, some gas streams (such as FCCU flue gas streams) can be highly corrosive due to the acid gases contained in them. To prevent acid gas condensation in such cases, ducting should be insulated such that the temperature at all points is maintained at least 35°F (19°C) above the dew point of the acid gas. 8.1.2



Scrubbing Liquid Piping and Distribution



It is also necessary to have a uniform distribution of liquid flow to each venturi in the scrubber configuration, and a uniform flow of liquid at the entrance to the venturi. In FCCU service, an even distribution of scrubbing liquid is provided to each venturi in the system via a loop ring header. Take-off for each high-energy venturi is provided from the top of the header, and must be selfdraining. The loop header should be fed from multiple sides to ensure an even distribution of liquid throughout. The introduction of scrubbing liquid into the scrubber itself is of key importance to the scrubber’s efficient operation. In FCCU service, the liquid flow distribution into each scrubber also provided by a ring header, fed at both ends. Inlet headers must be hydraulically equal so that liquid flow into the scrubber is uniform across the cross section; as with the gas flow into the scrubber, an even flow distribution is important. The liquid is generally introduced into an HEV by one of two methods: the “wetted” approach or the “non-wetted” approach. In the “non-wetted” approach venturi, liquid is introduced at the throat of the venturi, rather than on the walls of the converging section. Liquid is generally injected from the throat walls, or from a point slightly above the throat, with nozzles directing the flow into the throat. The non-wetted approach is generally less effective than the wetted approach, although it is also less expensive, and can be utilized where the gas inlet is already saturated with moisture. Scrubbers in FCCU service require a wetted approach, due to their high temperature and relatively low humidity. Such hot and dry inlet streams require a significant amount of evaporation to produce a saturated condition in the throat. In the wetted approach, large diameter nozzles are used to introduce the liquid at the top of the walls of the converging section of the venturi. The liquid forms a film as it flows down the walls of the converging section into the throat to be atomized by the gas. Some of the liquid in this film is evaporated, helping to achieve gas saturation before entering the throat. The point of liquid introduction into the scrubber must be shielded from the particle-laden gas flow, however, as a direct interface could result in particulate build-up and plugging at the liquid inlet(s). This information is considered CONFIDENTIAL and shall not be released to or discussed with any persons except (a) employees of ExxonMobil Affiliates who have an appropriate research agreement with ExxonMobil Research and Engineering Company (EMRE), and (b) consultants, contractors, or employees of third parties with whom proper secrecy agreements have been executed with EMRE or such ExxonMobil Affiliates. ExxonMobil Research and Engineering Company
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Due to the highly erosive nature of the liquid in FCCU service, the scrubbing liquid circuit has only two control valves: one to regulate the total flow of liquid to the scrubbers and the second to regulate the amount of purge from the scrubber. Both must be designed for erosive service. Velocity of the liquid-particle slurry in FCCU service is generally restricted to less than 15 ft/sec (4.6 m/sec) to prevent excessive erosion. It should be noted, however, that a velocity that is too low, may promote settling and plugging of pipes. In JEV-WGS systems, the scrubbing liquid is fed via a single specially designed spray nozzle at a high flow rate. Selections of the proper materials of construction and design features of these nozzles are critical for ensuring reliable operation and long term scrubbing performance. Materials of construction and nozzle geometry (spray angle, height above throat, etc.) are critical aspects of the body design. Wet / dry interfaces in any scrubbing system have the potential for solids accumulation that can result in flow disturbances, reducing scrubbing efficiency and resulting in localized areas of high corrosion rates. The ExxonMobil JEV design eliminates the potential for fouling by selecting liquid spray angles and venturi geometry to minimize liquid impaction on the body walls and ensuring that liquid that does impact on the walls acts to continuously cleans the walls. 8.2



MIXING OF GAS AND LIQUID TO ACHIEVE POLLUTANT REMOVAL



Efficient acid gas and particulate collection requires vigorous mixing between the flue gas and scrubbing liquid. Care must be taken to ensure that both the gas and liquid are uniformly distributed throughout the scrubber cross-sections; an uneven distribution of either the pollutant or the collector droplets will result in a lower collection efficiency. Additionally, if acid gases are being absorbed into the scrubbing liquid, the mixture should be neutralized to prevent corrosion due to acid gas accumulation. 8.2.1



Converging Section



In a HEV-WGS system, the design of converging (and diverging) sections will vary with the vendor; who typically derive the dimensions of the scrubber from the required throat width, depth, and geometry. The function of the converging section of the venturi is to accelerate the gas stream and to uniformly distribute the gas throughout the cross-section of the throat. The area of the converging section narrows continuously from the inlet ducting to the cross-section at the entrance to the venturi throat. The angle of the converging section should provide good liquid distribution and distribute gas uniformly from the initial plenum crosssection to the final cross-section at the entrance to the throat. If the scrubber utilizes a “wetted approach,” then the converging section should be completely and uniformly covered with liquid. In the JEV-WGS system, the sole function of the converging section of the venturi is to accelerate the gas stream and to uniformly distribute the gas throughout the cross-section of the throat. The area of the converging section narrows continuously from the inlet ducting to the cross-section at the entrance to the venturi throat. The angle of converging section should be primarily capable of distributing gas uniformly from the initial plenum cross-section to the final cross-section at the entrance to the throat. 8.2.2



Venturi Throat



The heart of both venturi systems is the venturi throat. All particle collection is assumed to occur in the venturi throat. In the JEVWGS system, the throat serves as the mixer of the mechanically atomized droplets and the flue gas. On the other hand, in the HEV-WGS, liquid introduced into the throat as a uniform film is atomized by the high velocity gas stream into small liquid droplets that collect particulates and remove them from the gas stream. The high degree of turbulence in the venturi throat shatters the droplets and provides a collection surface, while the velocity differences between the droplets and the gas provide the main mechanism for particle collection. The higher the pressure drop the smaller the droplets, the higher the droplet surface area, and the higher the collection efficiency. The throat area determines the velocity of the fluids in the venturi and, consequently plays a major role in determining the collection efficiency of the scrubber. Assuming that impaction is the dominant mechanism of dust collection in the scrubbing system (the Stokes number would indicate that), the droplet diameters and the relative velocity between the gas and the drops are the only two variables which affect the collection efficiency. Gas velocities in the throat are restricted by certain constraints. While it is apparent from the Stokes number that increased velocity results in increased particle collection efficiency, it also has negative consequences. Higher velocities result in larger pressure drops (all other things being equal) and larger energy losses. The high velocities and extremely turbulent conditions required to atomize the scrubbing liquid also subject the venturi throat to rapid erosion. Additionally, if velocities are too high, the liquid could be atomized into particles which are too fine, making mist collection more difficult. At higher velocities, re-entrainment This information is considered CONFIDENTIAL and shall not be released to or discussed with any persons except (a) employees of ExxonMobil Affiliates who have an appropriate research agreement with ExxonMobil Research and Engineering Company (EMRE), and (b) consultants, contractors, or employees of third parties with whom proper secrecy agreements have been executed with EMRE or such ExxonMobil Affiliates. ExxonMobil Research and Engineering Company
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of liquid in the gas-liquid separator can also be a problem. In order to minimize erosion and energy requirements, venturi scrubbing systems normally operate at the lowest velocity necessary to achieve the required level of particulate removal. For an HEV scrubber in FCCU service, typical velocities in the throat are between 150 to 220 ft/s (45 to 65 m/s). Velocities below about 150 ft/s (45 m/s) may result in poor atomization and poor scrubbing. For situations where the gas flow rate into a scrubber may be variable, variable-throat venturi scrubbers (as opposed to fixed throat venturis) are available. These devices allow one to change the area of the throat as the gas flow rate changes, thereby maintaining the same efficiency. In systems with particularly high erosive potential, such moving parts may wear quickly. Additionally, if the variable throat has any irregularities, which create a non-uniform cross-section or introduce any flow disturbances, a larger pressure drop will be required to maintain a given efficiency. Due to the severely erosive nature of the solids, to date, only fixed throat venturis have been used on FCCU units. Throat designs can be either cylindrical or rectangular. Water flowing down converging walls can adequately traverse gaps of only 6 in. (15 cm) or less from one direction. Because of this, if a throat width is greater than 12-in. (30-cm) sprays must be used to fully cover the throat. Rectangular throats are generally recommended since sprays are required to maintain a uniform cross section of liquid over large diameter cylindrical throats, especially in the middle portion of the throat, which is furthest from the walls. Without sprays, requirements for flow uniformity would restrict the width of rectangular venturi throats to 12 in. (30.5 cm) or less. In general the longer the throat, the more contacting time provided and the higher the efficiency for any given pressure drop. For an HEV in FCCU service, a minimum length of 12 in. (30 cm) is required to ensure adequate collection of particulate. If throat width constraints would result in excessive velocities, then larger gas flows should be handled by scrubbers in parallel. 8.3



SEPARATION OF THE LIQUID FROM THE CLEANED GAS



Once the pollutants have been transferred from the flue gas to the liquid, the two phases must be separated in a disengaging drum or separator vessel, and the cleaned gas emitted to the atmosphere. Separation of the liquid from the gas can occur in a number of steps. The particular mechanisms used in a given operation will depend upon the type and operating conditions of the scrubber and the separator vessel, but can include coalescence of the liquid droplets, separation of the droplets from the gas stream by inertial or gravitational forces, and droplet removal via a deentrainment device. Liquid-gas separation in FCCU scrubber systems typically occurs in all three steps. 8.3.1



Diverging Section



The diverging, or pressure recovery, section of the venturi separator expands continuously from throat to final duct cross-section at the elbow. Its main function is to allow for the deceleration of the gas and liquid particles. The relative velocity differences between the various size droplets as they are decelerated in the scrubber throat results in coalescence. As a result of these phenomena, droplet growth occurs and few fine droplets enter the separator vessel. The angle of the diverging section should be chosen to maximize coalescence downstream of the throat. As with the converging section of the venturi, the specifications will vary with the vendor selected. Typical exit velocities from the transitional diverging section and elbow vary depending upon scrubber application, but are generally less than 100 ft/s (30.5 m/s), and for erosive services (e.g. FCCU service) will typically be in the range of 40 ft/s (14 m/s). 8.3.2



Elbows



Elbows provide a transition from the scrubber to the separation vessel. The vertical flow must be redirected to enter the separator vessel horizontally. Depending upon the contact surface and the relative angle it makes with the gas stream, the elbow can be subject to rapid wear due to the high velocity and erosive nature of the gas-liquid-particulate stream. Additionally, altering the direction of flow, and hence the stream’s momentum, will be accompanied by a pressure drop across the elbow, the magnitude of which will depend upon the design of the elbow. Not all scrubber configurations require a transition piece between the scrubber and the separation vessel. Horizontal spray chambers, for example, are often directly connected to the bottom of the separation vessel. Venturi and ejector venturi scrubbers are typically mounted vertically on the side of the separator vessel and require transition pieces to redirect the vertical flow from the scrubber horizontally into the separator vessel. There are two basic categories of elbow designs, Flooded and Sweep, each of which provides certain advantages and disadvantages. A flooded “T” elbow is essentially a shaft providing a sharp 90° turn at the end of the diverging section of the This information is considered CONFIDENTIAL and shall not be released to or discussed with any persons except (a) employees of ExxonMobil Affiliates who have an appropriate research agreement with ExxonMobil Research and Engineering Company (EMRE), and (b) consultants, contractors, or employees of third parties with whom proper secrecy agreements have been executed with EMRE or such ExxonMobil Affiliates. ExxonMobil Research and Engineering Company
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scrubber. The elbow is protected by its tee construction, which provides an impact surface containing a liquid pocket that safeguards the elbow from corrosion / erosion. The additional liquid contact also aids in the separation of the liquid from the gas stream by increasing liquid coalescence. The initial capital expenditure for a flooded elbow is less than that for a sweep elbow. The abrupt change in direction imposed upon the slurry by the flooded elbow, however, subjects the fluid slurry to a larger pressure drop than a sweep elbow, and results in higher energy requirements, which could be important in some services. HEV’s and JEV's in FCCU service utilize sweep elbows. A sweep elbow provides the fluid slurry with an arced transition between the diverging section of the scrubber and the entrance to the separator vessel. The highly erosive stream impinges directly onto the elbow, and can result in high wear and reduced liquid coalescence. Increasing the radius of curvature, however, can minimize erosion of the elbow; 13 ft (4 m) has been found to be ideal for minimizing erosion and pressure drop in FCCU applications. In addition, special lining can be provided at impaction points. For the purpose of designing the demisting facilities, it is conservatively assumed that no liquid coalescence occurs in the elbow. The main advantage of the sweep elbow transition is that the gradual change in flow direction results in a smaller pressure drop, and hence lower energy requirements than for a flooded elbow transition. 8.3.3



Separator Vessel Design



The cleaned gas is typically separated from the contaminated liquid in a disengaging drum or separator vessel. The deentrainment system in a disengaging drum is highly efficient, has a low plugging tendency, and a low-pressure drop. Commercial tests on several units demonstrate that for FCCU service, a separation system equipped with a disengaging drum is in the range of 99.99 to more than 99.999+ percent effective in separating liquid from the gas stream, resulting in minimal liquid entrainment to the scrubber stack. The range of de-entrainment efficiency is dependent on scrubber type and de-entrainment system employed. For the design of the liquid droplet-gas separator following a scrubber, use the principles of Design Practices, Section V, Drums. The ducting, which connects the venturis to the separator drum, is designed to enhance coalescence of the drops of scrubbing liquid. Droplet growth in the elbows and/or the diverging sections of the scrubber results in fewer fine droplets entering the separator vessel, and allows the remaining separation processes to be accomplished by inertial forces and a de-entrainment device. Inertial forces, which result from the tangential entry design, begin the process of separating the two phases but produce only minimal separation as inlet velocities are kept low to minimize erosion and re-entrainment of separated liquid. A separation system can be equipped with a de-entrainment device, typically located near the top of the drum. The device removes water droplets still entrained in the vapor stream before they exit out of the separator. A de-entrainment device should be used in services that require a high degree of water removal (less than 5 kg water/100 kg air). A number of deentrainment device types are available, including packing or grids and baffle-type devices. The majority of these devices separate liquid from gas streams by inertia. One example of a packing-type device is the crinkled wire mesh screen (CWMS). A CWMS uses porous blankets of wire or knitted plastic mesh to remove entrained liquid from a vapor stream. A wide variety of mesh densities and wire diameters are available for this purpose. Vapor moves freely through the spacing in between wires but the drops, with their greater inertia, strike and are collected on the wires. The collected liquid runs to the bottom of the mesh and drops off. Similarly, a baffle-type or chevron separator consists of a number of zigzag baffles that remove water droplets that impinge on the baffle walls. The exact spacing, angle, and number of turns in the baffles depends upon the application and droplet removal requirements. The selection of a particular device for a given application will depend upon the desired droplet removal efficiency and corrosivity and plugging considerations. While droplet removal is often the main concern, plugging is also an important consideration, as it can result in increased pressure drops across the de-entrainment grid. If plugging is a concern, the grid may need to be periodically or even continuously sprayed with water to prevent build-up of particulate. Grid-type devices such as CWMS can effectively remove droplets as small as 5 to 10 mm from the exiting gas stream, but may be subject to plugging and thus high pressure drops. Baffle-type separators, although they do not remove droplets as effectively as CWMS, are less subject to plugging due to the larger physical openings in the grid. They are also less likely to experience flooding as a result of a high droplet flow rate or a high gas velocity ratio. Not all drums are equipped with a de-entrainment device. Drums without a de-entrainment device are referred to as “open” drums, and can be used in services where moderate liquid entrainment, on the order of 5 kg/100 kg air, is acceptable. Because the gas exits the separator relatively freely, there is no potential for plugging, flooding, and/or a pressure drop, which can occur when a deentrainment device is in place. This information is considered CONFIDENTIAL and shall not be released to or discussed with any persons except (a) employees of ExxonMobil Affiliates who have an appropriate research agreement with ExxonMobil Research and Engineering Company (EMRE), and (b) consultants, contractors, or employees of third parties with whom proper secrecy agreements have been executed with EMRE or such ExxonMobil Affiliates. ExxonMobil Research and Engineering Company



ExxonMobil Proprietary CONFIDENTIAL



DESIGN PRACTICES



AIR POLLUTION CONTROL, INDUSTRIAL



Section



Page



HYGIENE, AND NOISE CONTROL



XVIII-A5



20 of 35



WET GAS SCRUBBERS



June, 2004



Like the scrubber, the de-entrainment grid operates most efficiently when the input flow is uniformly distributed over its crosssection. Chimney trays located before the grid ensure that flow is evenly distributed before entering the grid. Additionally, vertical metal sheets known as “anti-vortex baffles” may be placed inside the drum to suppress rotational motion inside the separator. In the absence of such baffles, liquid and/or vapor circulation in the drum, especially if the fluid is tangentially introduced, can result in vortex formation inside the drum. In FCCU service, one typically uses a de-entrainment grid at the top of the scrubber to remove the fine droplets that are created during the atomization process. Typically, a relatively open packing is used due to prevent plugging. The lower portion of the disengaging drum serves as a reservoir from the collected scrubbing solution. For scrubbers with a recirculating liquid system, such as those in FCCU service, a purge stream is withdrawn from the bottom of the separator drum to prevent particulate build-up and saturation of the liquid with respect to stack gases. Make-up water is added at this location to compensate for the evaporative and purge losses. Caustic or soda ash is also added to the reservoir to regenerate the buffering characteristics of the circulating liquid.



ç



8.3.4 Modifications to the Separator Vessel for NOx Removal (WGS+) Addition of sodium chlorite (NaClO2) in the separator vessel can enhance NOx removal, a process called WGS+. The sodium chlorite oxidizes NO to NO2 (or other nitrogen oxides) which can then be partially absorbed in a water spray. However, sodium chlorite is a non-selective oxidizing agent that also effectively oxidizes other compounds to a fully oxidized state (e.g. NO to NO2, SO2/SO3 to SO4, etc.). To significantly reduce consumption of chlorite and associated operating cost, it is necessary to contact the gas with the oxidizer after SOx removal. Depending on desired removal as well as available space and pressure drop, one of two systems can be used. The simplest system uses the existing or expanded deentrainment grid in the separator vessel. The grid can be used for contacting, as it typically has spray nozzles for water washing. Instead of water, a solution of NaClO2 can be used. Such a system was tested in Baytown’s FC3 WGS (see References 14 and 15); over 95% conversion of NO to NO2 and approximately 50% overall NOx removal was achieved. For higher removal efficiencies, a second grid may be added above the first. In this second grid, a caustic wash is used for further NOx removal. To minimize water usage, the caustic wash should be recirculated. A slipstream from this circulation can be used as liquid for spraying in the lower grid (see Figure 12). In either system, a deentrainment grid above the contacting grids may still be necessary to prevent moisture entrainment and subsequent drift from the stack. Material selection for the grid and drum will depend on pH considerations. As nitrate is solubilized, it forms an acid, tending to drive the pH lower. Thus, the pH of the sodium chlorite/nitrate solution will drop as NOx is absorbed to as low as 2-3, in the absence of caustic addition. The magnitude and location of this pH drop is difficult to predict for two reasons. First, the rate of absorption of NO/NO2 is not fully known. Second, the entrained liquor from the venturi scrubber, which is carried into the grid from below, can buffer and neutralize this pH drop. This is also difficult to quantify, as droplet removal across the grid has not been measured and is difficult to model. In a system with two grids, the optimal pH differs between the two grids. Recent review of literature and lab data for NO oxidation by sodium chlorite has identified that two mechanisms result in NOx removal. First, under acidic conditions, NO is oxidized to NO2. As a result, a low pH in the lower injection grid is preferred. This low pH has materials implications (discussed below). The second mechanism, NO2 absorption, is favored in basic solutions. To limit a back-reaction (of NO2 to NO3 plus NO) that occurs under acidic conditions, the upper grid should be kept at a pH above 7.5. To do so, caustic must be added to the recirculated caustic wash. This results in a higher pH in the upper grid (pH>11) as the caustic solution is sprayed onto the grid. Both conditions (acidic and caustic) have corrosion implications and should be considered in final selection of materials. For example, the lower grid should be stainless steel (316L) or an austenic stainless steel (AL6XN). Material specialist should be consulted for recommendations. The amount (height) of added grid varies. For approximately 50% NOx removal, about 5 feet of packing below the sodium chlorite sprays (typically existing deentrainment grid in retrofit applications) is sufficient. The relationship between height and removal is logarithmic, so for higher than 50% removal, much more than 5 feet of additional packing is needed. This relationship is shown by the following equations:
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Height of packing = NTU * HTU. NTU = ln (ya/yb) where NTU is the number of transfer units, ya is the inlet concentration and yb is the outlet concentration. The height of a transfer unit (HTU) can be found from experimental data. For the sodium chlorite process, the HTU is approximately 9 ft based on test data. Using the above relationship, over 20 feet of packing might be required for 90% removal. Space and pressure drop constraints may limit the ability to use this much packing in the separation vessel. 8.4



DISCHARGE OF THE CLEANED FLUE GAS



Stack gases exiting from the disengaging drum are vented directly to the atmosphere. The location of the stack with respect to the scrubbing system will vary depending upon the scrubbing system. For a typical scrubbers in FCCU service, the strength of the disengaging drum and its foundations are sufficient for the stack to be mounted directly atop the drum. The exiting flue gas is generally saturated with water and hotter than the ambient air. The temperature of exiting gases from non-FCCU scrubbing systems may be low enough or the outside temperature may be cold enough to cause water in an exiting plume to cool and condense, thus increasing visibility. Use of a reheat burner is one method that can reduce the impact of plume condensation, including reducing visibility and winter ice problems. Air is fed into a burner and combusts with “sweet” refinery fuel gas at approximately 1600°F (870°C). The hot combustion products are then injected into the disengaging drum, above the top transition piece, via a ring header. The amount of air required will vary, depending upon a number of conditions, including the local meteorology. 8.5



ENVIRONMENTALLY SOUND DISPOSAL OF PURGE STREAM



A purge stream must be withdrawn from any recirculating scrubber system in order to prevent the build-up of solids and/or (possibly) absorbed gases in the system. High solids loading in liquid streams can result in increased wear of pipes and system internals and can lead to plugging. Additionally, a purge is needed to prevent accumulation of any dissolved salts associated with the neutralization of absorbed acid gases in FCCU applications. ç



The purge stream from the WGS system must undergo further treatment to ensure that it is discharged in an environmentally sound manner. The primary pollutants are the suspended solids and (in FCCU applications) the Chemical Oxygen Demand (COD) associated with the presence of dissolved salts. The sulfite and bisulfite salts formed by the neutralization of SO2 must be oxidized to sulfate salts. If the scrubber is designed for NOx removal, nitrates may also need to be removed. The clean up of the purge stream can be handled by the existing site wastewater treatment facilities or by building a Purge Treatment Unit (PTU) specifically for the WGS. The design of a given PTU is highly dependent upon local circumstances such as the amount of plot space available, meteorological conditions, water table, and owner preference. The following is a description of the process and units found in a typical PTU configuration for a scrubber in FCCU service. 8.5.1



Purge Treatment Unit



The purge stream from scrubbers in FCCU service generally cannot be disposed of in the refinery’s wastewater system, due to high solids loading and COD, and is typically treated by a Purge Treatment Unit (PTU). A PTU reduces the COD and removes suspended solids from the liquid effluent stream. The purge from the scrubber system is fed first into a back-mixing system where caustic and polymer are added. The caustic adjusts the pH of the stream to 8.0 to 9.5 to prevent air stripping of the captured SO2 in the subsequent oxidation step. The polymer agglomerates the particles in the slurry, thereby increasing their apparent diameter and aiding the sedimentation process. Upon exiting the back-mix system, the purge is fed into the reactor clarifier where the solids are separated from the process stream. Effluent from the clarifier typically contains less than 100 mg/kg (wppm) suspended solids, which is sufficient to meet most discharge requirements. The liquid effluent from the clarifier is pumped into a Sulfite Oxidation Tower (SOT) where it is mixed with oil free air. The purpose of the SOT is to reduce the liquid stream’s COD by oxidizing the dissolved sulfite salts to sulfates. The tower selected has a high internal circulation rate that ensures repeated, intimate mixing of the liquid with the oxygen in the air. Upon leaving the tower, the water can be discharged since its COD is less than 50 mg/l; however, additional cooling of the stream may be required in order to meet local requirements. If the oxidation requirement of the stream entering the SOT is high, then oxidation promoters, such as cobalt chloride or cobalt sulfate, may be needed to aid in oxidation of the sulfite salts. This information is considered CONFIDENTIAL and shall not be released to or discussed with any persons except (a) employees of ExxonMobil Affiliates who have an appropriate research agreement with ExxonMobil Research and Engineering Company (EMRE), and (b) consultants, contractors, or employees of third parties with whom proper secrecy agreements have been executed with EMRE or such ExxonMobil Affiliates. ExxonMobil Research and Engineering Company
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A final step may be needed for nitrate removal, if the WGS is designed for NOx removal. Nitrate may be removed through conventional means in a wastewater treatment plant, using the principles in Design Practices, DP XIX-A5. Nitrate may also be removed via wetlands (see Reference 16). The concentration and collection of solids in a purge treatment unit occurs in three process vessels. The clarifier, briefly described above, is the first vessel in this process and serves to separate the majority of the solids from the liquid effluent. The clarifier underflow typically contains 5 to 10% suspended solids by weight. The second unit in the process is the thickener. Solids that have been concentrated in the clarifier are collected and pumped, via the clarifier sumps, to the thickener for further treatment. The thickener’s main function is to provide settling time for the slurry, thus further concentrating the underflow from the clarifier. The bottoms slurry in the thickener will typically attain 16 to 25 weight percent solids. Thickener bottoms pumps transfer a batch of the solids to a mixer, where another polymer is added to break up large particles and facilitate drying. The solids from the mixer then go to a large granular bed vacuum filter called a dewatering basin, where all free water is removed and returned to the thickener. The moist solids are then loaded into trucks for disposal in a sanitary landfill. 9



PROCESS VARIABLES



A number of parameters can affect the operation and design of a scrubbing system. These process variables can influence the number and size of the scrubbers selected for a given application, the pressure drop and/or energy requirements for the system, the collection efficiency, and the choice of construction materials. Some of these variables, such as the inlet solids loading, particle size distribution, and temperature, are unchangeable as they are determined by the application for which the scrubbing system is being designed. Others, such as the gas-to-liquid ratio, can be left up to the designer’s discretion, and will vary depending upon the required collection efficiency and/or the allowable pressure drop. 9.1



INLET SOLIDS LOADING



As part of the basis information, the inlet solids loading must be specified. This information is required to determine the amount / degree of removal that is required to meet the appropriate environmental regulation or process target. A conservative, but realistic loading should be specified to ensure that the WGS is sized adequately. An unnecessarily conservative loading will result in a WGS that operates at an excessive pressure drop or uses a higher than required liquid to gas ratio. Underestimating the inlet solids loading will result in a WGS that is does not use sufficient energy to continuously meet the environmental regulations or process requirements. Historical data on the unit, preferably via source tests, is generally the best source of information. However, if this is a “grass-roots” unit or there is no other information available, industry source standards may be required to set this value. INLET SOLIDS PARTICLE SIZE DISTRIBUTION. As collection efficiencies for each scrubber type are dependent upon the particle size, and hence the particle size distribution, this data is required when specifying a WGS. A conservative, but realistic, particle size distribution should be specified to ensure that the WGS is designed adequately. An unnecessarily conservative particle size distribution will result in a WGS designed for too high a pressure drop. Misrepresenting the inlet particle size distribution may result in a scrubber that is undersized, or worse yet, will not continuously meet the environmental regulations. Historical data, via source tests, is generally the best source of this information. If testing is to be done to obtain a particle size distribution for a given application, the in-situ cascade impactor technique has proven to give the best results. However, if there is a “grass roots” unit or there is no other information available, industry “typical” values may be required to set this value if this is a “grass roots” unit or there is no other information available. 9.2



TEMPERATURE



The design temperature should be set following the procedures set forth in Design Practices, DP II. The operating temperature of the WGS is generally determined by the temperature of the flue gas as it enters the scrubber system. There are, however, several practical limitations to the temperature range for optimum WGS operation. These limitations are imposed by choice of construction materials, prevention of acid-gas condensation on scrubber internals and excessive water evaporation, and differential thermal expansion. Operating the WGS at temperatures where the acid gases in the flue gas can condense (below the dew point of the acid gas, hereafter referred to simply as the “dew point”) may result in acid gas condensation on the ductwork leading to the scrubber. This condensation can cause significant corrosion and reduce the service life of the unit. As a rule of thumb, the ductwork leading to the scrubber should be maintained at a temperature at least 35°F (20°C) above the acid gas dew point.
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At higher operating temperatures, more water will need to be evaporated to achieve saturation of the gas. Make-up water must be added to the system to account for these evaporative losses. High temperatures also may result in decreased removal efficiency, especially at low liquid flow rates, if droplets containing particulate evaporate and carry the particles with them out of the stack. If the temperature is too high, then saturation may not be practicably achieved in the scrubber, and the gas may have to be presaturated to reduce the temperature. As a “rule of thumb,” if the inlet gas temperature exceeds 900°F (482°C), then the gas should be pre-saturated to reduce the inlet temperature. 9.3



LIQUID-TO-GAS RATIO



An essential control variable for scrubber operation is the ratio of liquid to gas in the scrubber. Values for this ratio are dependent upon scrubber type and application. In low temperature systems that are only collecting solids, liquid to gas ratios as low as 3 to 5 gallons (11 to 19 liters) of scrubbing liquid per 1000 ACF (28 cu m) of saturated gas flow. On the other hand Spray Chambers liquid to gas ratios of over 100 gallons (378 liters) of scrubbing liquid per 1000 ACF (28 cu m) of saturated gas flow are not uncommon. The liquid to gas ratio required is more critical in gas atomizing spray scrubbers than in mechanically atomized spray scrubbers, since the mechanical nozzles generally operate at a fixed liquid flow. In gas atomizing scrubbers, the rate can be adjusted by changing the recirculation rate of the scrubbing liquid. If the ratio is too low, excessive atomization and/or evaporation may occur, resulting in poor scrubbing, because the fine droplets may be difficult to separate from the gas and may escape out the stack with the trapped particulate. A liquid-to-gas ratio that is too high may also cause problems such as flooding and poor atomization. For example, an excessively high liquid-to-gas ratio in a small diameter throat will result in droplets that are too crowded and could coalesce before leaving the throat, violating the assumptions of the models and resulting in poor scrubbing. 9.4



MAKE-UP LIQUID RATE



The liquid used in a scrubber may either make one-pass through the given system or may be part of a recirculating loop. Recirculating scrubbing liquid systems require much less water than a once-through system, all other things being equal. A liquid stream may need to be continuously added to the recirculating loop, however, to account for evaporative losses, losses of liquid in a purge stream, and/or from any other losses. Liquid must be added to a scrubber system to account for liquid evaporation and liquid leaving the system in the purge stream. The evaporation rate of the quench liquid that is used to saturate the gas entering the scrubber can be calculated from psychometric charts for air and water systems. For systems involving other scrubbing liquids, or utilizing pressures of more than 1 to 2 psi (7 to 14 kPa), a dew point flash calculation is required to estimate the liquid quench rate. For insoluble contaminants, the purge liquid rate is that rate required to prevent an excessive concentration of solids in the slurry (0.5 to 1.0 weight percent during upsets, for scrubbers in FCCU service). For soluble contaminants, the purge liquid rate must be high enough to prevent excessive viscosity and foaming problems. 10



NOMENCLATURE



Cu



=



Cunningham correction factor



dd



=



Droplet diameter of scrubbing liquid, mm (mm)



dp



=



Particle diameter, mm (mm)



f



=



An empirical constant



FL



=



Dimensionless liquid rate factor (usually 1.0)



M



=



Gas molecular weight



P



=



Gas pressure, psia (kPa)



Qg



=



Gas flow rate (actual, saturated), ACF/min (m3/min)



QL



=



Liquid flow rate, gpm (L/min)



Tg



=



Gas temperature, °R (K)
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ug



=



Gas velocity in the throat, ft/s (m/s)



ur



=



Relative velocity between the target and the particle, ft/s (m/s)



us



=



Tower superficial velocity, ft/s (m/s)



rg



=



Density of the gas, lb/ft3 (g/cm3)



rL



=



Density of the liquid, lb/ft3 (g/cm3)



sL



=



Liquid surface tension, lbm/min2 (dynes/cm)



mg



=



Gas viscosity, lb/ft·hr (cP)
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Figure 1 - Impaction



Most particles are removed by direct impaction into a droplet Particle



Target Droplet



Stream Lines



DP18A5f01



Figure 2 - Interception



Other particles come close to the droplet and are intercepted Particle



Target Droplet



Stream Lines



DP18A5f02
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Figure 3 - Diffusion



Smaller particles are captured by diffusion Particle Target Droplet



Stream Lines



DP18A5f03



Figures 1 - 3: Illustrate the three most important mechanisms for particulate collection in a wet gas scrubbing system. Figure 1 demonstrates inertial impaction; a particle’s inertia and high velocity relative to the droplet cause it to deviate from the gas streamlines which flow around the droplet, thereby colliding with it. Figure 2 illustrates direct interception; the center of a particle is traveling on a streamline which passes within one radius of the droplet, and is collected due to its size alone. Figure 3 illustrates diffusion interception; the zigzag Brownian motion of a small particle result in its collision with the droplet. Source: Buonicore and Davis, 1992.
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Figure 4 Simplified Diagram Of A Gravity Spray Chamber
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Description: Liquid nozzles introduce the liquid at the top of the chamber. Gas is introduced at the bottom of the tower and rises through to the top of the tower. The countercurrent motion of the liquid and the gas/particle slurry provides the contact necessary for gas and particulate removal. Source: Theodore and Buonicore, 1982. DP18A5f04
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Figure 5 - Illustration Of A Centrifugal Scrubber
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Description: Gas is introduced tangentially into the scrubber, creating a cyclic motion inside the scrubber. Liquid is sprayed directly into the rotating stream to catch particles by impaction. Source: Theodore and Buonicore, 1982. DP18A5f05
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Figure 6 - Packed Bed Scrubber
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Description: Particulate and acid gases are collected by the liquid in the bed, which flows in a thin film over the bed packing. Flow regimes can be either horizontal counter-current (A), horizontal cocurrent (B), vertical cocurrent (C), or vertical counter-current (D). Source: Theodore and Buonicore, 1982.
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Figure 7 - Impingement Plate Scrubber
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Description: Particle deposition occurs on the baffles due to inertial impaction and direct interception. Liquid is injected into the gas stream and the combined mixture enters the baffles. Liquid captured on the targets and containing captured particulate and/or gases falls to the bottom of the scrubber. Source: Theodore and Buonicore, 1982. DP18A5f07
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Figure 8 - Venturi Scrubbers Gas Inlet
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A. Non-Wetted Venturi Scrubber



B. Wetted Scrubber



Description: Figure 8A illustrates a “non-wetted” venturi scrubber (with an attached separation unit). Figure 8B is a schematic of a wetted scrubber. Gas introduced into the scrubber is accelerated in the converging section of the scrubber. Liquid introduced at the top of the scrubber (in the wetted approach) is shielded at the inlet to prevent solids build-up. Liquid evaporation in the converging section aids in the saturation of the gas before entering the throat. The high velocity gas impacts with the slower liquid at the throat entrance, resulting in atomization and providing the intimate gas-liquid contact needed for scrubbing. Gas and liquid are then slowed in the diverging section of the scrubber, where liquid coalescence may begin. A sweep elbow (in this diagram) can be used to redirect the gas flow horizontally into a separation unit. Figure 8A Source: Brunner, Handbook of Hazardous Waste Incineration, 1992, TAB Reference Book. Reprinted with the permission of the McGraw-Hill Companies. Figure 8B Source: Buonicore and Davis, 1992.
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Figure 9 - Baffle Tower Separator



Description: Liquid is injected into the gas stream and the combined mixture enters the target bafflers. Liquid collects on the baffles and falls to the bottom of the scrubber and into a collection sump. Source: Calvert et al., 1972. DP18A5f09
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Figure 10 - Orifice Scrubber



Description: The gas stream comes into contact with a liquid pool in front of a submerged orifice at the entrance to the scrubber. The liquid is entrained with the gas flow and carried through the orifice, where droplets created by the liquid’s impact with the gas stream, collect particulate and pollutant gases. Upon exiting the orifice, larger droplets are separated by gravity, and the smaller particles are separted by impingement upon baffles located at the top of the unit. Source: Stern, 1962. DP18A5f10



This information is considered CONFIDENTIAL and shall not be released to or discussed with any persons except (a) employees of ExxonMobil Affiliates who have an appropriate research agreement with ExxonMobil Research and Engineering Company (EMRE), and (b) consultants, contractors, or employees of third parties with whom proper secrecy agreements have been executed with EMRE or such ExxonMobil Affiliates. ExxonMobil Research and Engineering Company



ExxonMobil Proprietary CONFIDENTIAL



DESIGN PRACTICES



AIR POLLUTION CONTROL, INDUSTRIAL



Section



Page



HYGIENE, AND NOISE CONTROL



XVIII-A5



34 of 35



WET GAS SCRUBBERS



June, 2004



Figure 11 - Jet Ejector Venturi Scrubber (JEV) Liquid Inlet
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Description: The JEV relies upon a cocurrent water jet from a spray nozzle located at the top of the jet scrubber to induce or increase air pressure within the scrubber. The spray is introduced at a point above the “throat,” or constricted section of the scrubber. Gas and liquid then pass through the throat, under conditions of high turbulence, and continue through the diverging section of the scrubber (one of expanding cross-sectional area). This information is considered CONFIDENTIAL and shall not be released to or discussed with any persons except (a) employees of ExxonMobil Affiliates who have an appropriate research agreement with ExxonMobil Research and Engineering Company (EMRE), and (b) consultants, contractors, or employees of third parties with whom proper secrecy agreements have been executed with EMRE or such ExxonMobil Affiliates. ExxonMobil Research and Engineering Company
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Figure 12 - Modifications To WGS Drum For NOx Removal
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Description: The flue gas and slurry from the venturis enter the separation drum beneath the lower contacting grid. This grid is sprayed with sodium chlorite to oxidize NO for NOx removal. The upper grid is used for further NOx removal. It is contacted with a caustic recirculation stream. To conserve water, make-up water is added to the upper grid. A slip-stream from the upper grid’s recirculation is used for sprays for the lower grid. Caustic is added for neutralization of nitric acid. A final deentratinment grid is required to prevent drift from the stack.
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