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1.0



INTRODUCTION Gas absorption is a unit operation in which soluble components of a gas mixture are dissolved into a liquid phase. Absorption ,in common with distillation, make use of special equipment for bringing gas and liquid phases into intimate contact. The SOLTEQ-QVF Gas Absorption Unit (Model: BP 751-B) is developed primarily for teaching, training and research purposes. It is meant to demonstrate the absorption of carbon dioxide into water in a packed column. The gas and liquid normally flow countercurrently, and the packings serve to provide the contacting and development of interfacial surface through which mass transfer takes place. The unit is designed to operate at atmospheric pressure in a continuous operation. It has the following special features, which are of particular value in training and research situations:    



Fully instrumented to allow for convenient data collection and analysis. Glass columns and vessels permit good visual monitoring of the process. Sampling points for composition analysis are provided at the columns’ liquid streams. Online monitoring of CO2 gas concentration.
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Figure 1: Process flow diagram for the gas absorption unit



2



SOLTEQ-QVF ABSORPTION COLUMN (Model: BP 751-B)



2.0



GENERAL DESCRIPTION Air and carbon dioxide (CO2) are mixed in a static mixer before being fed into the bottom of a packed absorption column, while water enters the top of the column through a centrifugal pump. Countercurrent flow among the packings will cause the transfer of CO 2 from the air mixture into the water. The lean air mixture will exit at the top whereas the CO2 rich water will accumulate at the bottom of the column and overflow out into a receiving vessel. 2.1



Description and Assembly All glass components of the SOLTEQ-QVF Gas Absorption Unit are made of borosilicate 3.3 glass with PTFE gaskets. Please refer to the process flow diagram in Figure 1. 1. Receiving Vessels (B1 & B2) – 50 L cylindrical vessels equipped with charge ports and venting. 2. Absorption Column (K1) – DN 80 packed column with glass Raschig rings. Inlet and outlet connections for countercurrent gas and liquid flows. Effective column height is 800 mm. 3. Centrifugal Pump (P1) – centrifugal pump with maximum delivery rate of 120 L/hr at the maximum delivery height of 5 m.



2.2



Instrumentation and Control 1. Temperature a) Inlet gas temperature to absorption column K1 (TT-101) b) Inlet water temperature to absorption column K1 (TT-103) c) Outlet water temperature from absorption column K1 (TT-102) d) Outlet gas temperature from absorption column K1 (TT-104) 2. Flow Rate a) Inlet air flow rate to absorption column K1 (FT-301) b) Inlet CO2 flow rate to absorption column K1 (FT-302) c) Inlet water flow rate to absorption column K1(FT-303) d) Gas flow rate through CO2 analyser (FT-304) 3. Pressure a) Absorption column K1 pressure drop (dPT-201) 4. Composition Analyser a) Exit gas CO2 analyser (QI-401)
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2.3



Safety Considerations 1. The unit must be operated under the supervision of an authorized staff who has been properly trained to handle the unit. 2. All operating instructions supplied with the unit must be carefully read and understood before attempting to operate the unit. 3. Feed stock which severely affect PTFE, PFA and borosilicate glass are not to be used. 4. The system should not be subjected to shock, sudden impact, vibration, additional load, or permanent external action of aggressive vapours. 5. Always check and rectify any leak. 6. Be extremely careful when handling hazardous, flammable or polluting materials. 7. Restore the system to operating conditions after any repair job. 8. Make sure the system is sufficiently ventilated when working at atmospheric pressure. 9. Only properly trained staff shall be allowed to carry out any servicing. Manufacturer's manual must always be observed. 10. Before any servicing, shut down the whole operation and let the system to cool down and be properly ventilated. 11. Do not use any coarse or abrasive cleaners on glass components. 12. Leaking couplings should be carefully retightened. Replace any gaskets or seals if necessary.
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3.0



SUMMARY OF THEORY 3.1



Gas-Liquid Equilibrium Consider a system in which a gaseous component A is in equilibrium with both air and water at a given temperature. The equilibrium relationship between the partial pressure, pA in the gas phase and the composition, xA in the liquid phase can often be expressed by a straight line Henry’s Law equation at low concentrations. pA = H xA



[1]



where H is the Henry’s Law constant for the given system expressed in atm/mole fraction. If both sides of the equation is divided by the total pressure, P in atm, the composition, yA in the gas phase can be related below: yA = H’ xA



[2]



where H’ is equal to H/P. However, H is more often used because it is independent of the total system pressure. Equilibrium data for most systems follow Henry’s Law up to a concentration of about 1 mol% in the liquid phase.



pA



equilibrium data Henry’s Law xA Figure 2: Equilibirum data and Henry’s Law



3.2



Single Stage Equilibrium Process Before evaluating the design calculations of an absorption column, it is important to understand the principles of a single stage equilibrium process. It is defined as one in which two different phases are brought into intimate contact with each other and then are separated. Various components transfer between the two phases and are essentially at equilibrium with each other after considerable mixing. The process can be represented in Figure 3 below. V1, yA1



V2, yA2



L0, xA0



L1, xA1



Figure 3: Single stage equilibrium process
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The following material balances can be carried out around the single-stage equilibrium process: Total material: L0  V2  L1  V1 Component A: L0 x A0  V2 y A2  L1x A1  V1y A1



[3a] [3b]



For a gas-liquid system, the solute A is usually in the gas phase V with inert gas and in the liquid phase L with inert liquid. Assuming that the gas is insoluble in the liquid phase and that the liquid does not vaporise to the gas phase, both L and V phases contain only binary components. Therefore, the component balance on A from equation [3b] can be rewritten as:



 x   y   x   y  L'  A0   V '  A2   L'  A1   V '  A1   1  y A2   1  x A1   1  y A1   1  x A0 



[4]



where L’ is the amount of inert liquid and V’ is the amount of inert gas, both of which are usually known in a process. To solve the above equation, Henry’s Law can be used for dilute solutions, or else the actual equilibrium data must be available. 3.3



Operating Line Equation In a packed absorption column, variations in composition are continuous from one end to the other. Material balances for the portion of the column above an arbitary section, as shown by the dashed box in Figure 4, are similar to the single stage equilibrium process. However, the subscript for component A is dropped since it is the only component being transferred between phases. VT, yT



LT, xT



V, y



L, x



LB, xB VB, yB Figure 4: Material balance diagram for packed absorption column
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Total material: LT  V  L  VT Component A: LT xT  Vy  Lx  VT y T



[5a] [5b]



By rearranging the component A material balance in equation [5b], the relationship between x and y at any point in the column can be obtained. This relationship is called the operating line equation.



y



V y  LT xT L x T T V V



[6]



The operating line can be drawn on a graph along with the equilibrium curve, as shown in Figure 5. It must lie above the equilibrium line in order for absorption to take place, since this gives a positive driving force for transfer of solute from the gas phase into the liquid phase. The absorption process (solute transfer) will thus make the total gas rate V decrease as the gas passes through the column, and the flow of liquid L increases. These changes causes the operating line to be slightly curved. y B



yB



equilibrium line



operating line



yT



T



xT



x



xB Figure 5: Operating line for absorption process



For the case of A being absorbed between inert gas and liquid phases, the material balance on component A around the dashed box can take the form of:



 x L'  T  1  xT



  y  y   x    V '    L'    V '  T  1 x   1 y    1  yT



  



[7]



where L’ and V’ are flows of inert liquid and gas respectively throughout the column. These flows are always constant However, for dilute mixtures containing less than 10% soluble gas, the effect of changes in total flow is usually neglected and the design is based on the average flow rates. In this case, the terms (1–x) and (1–y) will be close to 1 and equation [7] will become:
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L' x T  V ' y  L' x  V ' y T



y



L' x  L'  x   yT  T  V' V'  



[8]



The operating line in equation [8] has a constant slope of L’/V’ and is essentially straight for dilute mixtures. 3.4



Mass Transfer in Absorption Process In an absorption process, two immiscible phases (gas and liquid) are present in which the solute will diffuse from one phase to the other through an interface between the two phases. For a solute A to diffuse from the gas phase V into the liquid phase L, it must first pass through phase V, the interface, and then into phase L in series. A concentration gradient has to exist to allow the mass transfer to take place through resistances in each phase, as illustrated in Figure 7. The concentration in the bulk gas phase, yL decreases to yi at the interface, while the liquid concentration starts at xi at the interface and drops to the bulk liquid phase concentration xL. There is usually negligible resistance to mass transfer across the interface, thus xi and yi are in equilibrium with each other and are related in an equilibrium relationship.



interface yV



liquid phase, L xi



yi



xL



gas phase, V



distance from interface Figure 6: Concentration profile for diffusion across the gas-liqud interface



There are typically two types of diffusions in an absorption process: i)



equimolar counterdiffusion – two components diffusing across the interface, one from the gas to liquid phase, while the other from the liquid to gas phase. ii) diffusion through stagnant or nondiffusing phase – only one component diffuses across the interface through stagnant gas and liquid phases. For a gas absorption process, it is common that only one solute component diffuses through stagnant gas and liquid phases. The mass transfer calculations for one-way diffusion are more complicated than equimolar counterdiffusion since
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it involves unequal molar flux across the interface. Derivation of the mass transfer equations will not be discussed in detail and can be consulted in any transport processes book. Generally, the rates of mass transfer in a packed absorption column can be quantified by four different equations: Gas film:



N A  k y ay  y i 



[9a]



N A  K y ay  y * 



Liquid film: Overall gas:



N A  k x ax i  x 



[9b] [9c]



Overall liquid:



N A  K x ax * x 



[9d]



in which:



NA kx,y Kx,y a x y xi yi x* y*



= = = = = = = = = =



rate of absorption individual film mass transfer coefficient overall mass transfer coefficient interfacial area per unit packing volume concentration in liquid phase concentration in gas phase concentration at the liquid interface concentration at the gas interface liquid phase concentration in equilibrium with gas phase gas phase concentration in equilibrium with liquid phase



The coefficients kya, kxa, Kya and Kxa are based on unit volume. It is not necessary to calculate or predict the value of a since the value is incorporated into the volumetric coefficients. By combining equations [9a] and [9b], the interface composition (xi, yi) can be obtained as follows:



y  y i   k x a x i  x  k y a



[10]



A line drawn with the slope of (–kxa / kya) from the operating line will intersect the equilibrium line at the interface composition (xi, yi). This is shown in Figure 8.
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y



m



operating line



equilibrium line



y yi



slope = (–kxa / kya)



y*



x



xi



x*



x



Figure 7: Interface and equilibrium compositions



The overall driving forces for absorption are represented by the vertical or horizontal line distances on the x-y diagram. The overall coefficients Kya and Kxa can be related to the gas or liquid film coefficients kya and kxa by the local slope of the equilibrium curve, m as follows:



1



1 m  Kya kya kxa 1 1 1   K x a k x a mk y a 



[11a] [11b]



The resistances to mass transfer in the gas film and liquid film are characterized by the terms 1/(kya) and 1/(kxa) in equations [11a & b] respectively. When these two coefficients are of roughly the same magnitude, and m is very much larger than 1.0, the mass transfer is said to be liquid film controlling. This means that any change in the liquid film coefficient kxa will effect a nearly proportional change on both Kya and Kxa, while change in the gas film coefficient kya will have little effect. For example, Henry’s Law coefficient for CO2 in water at 20°C and 1 atm is 1430 (which equals the value of m). This shows that the absorption of CO2 in water is a liquid film controlling process. Therefore, the CO2 absorption rate can be increased by increasing the value of kxa (i.e. increase liquid velocity) but not by increasing the value of kya (i.e. increase gas velocity). Inversely, when the solubility of a gas is very high in liquid (such as HCl and NH3 in water), the value of m is very small and the mass transfer is said to be gas film controlling. This means that a change in kya will have a much larger effect on the overall values of Kya and Kxa, thus absorption rate, than a change in kxa. However, gases with intermediate solubility are somewhat equally controlled by both gas and liquid film resistances.
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3.5



Limiting Liquid to Gas Ratio In an absorption process, the inlet gas flow, VB and its composition, yB are generally known. The outlet gas concentration, yT is also fixed as a requirement for the absorption column, and the inlet liquid concentration, xT is also set by the process requirements. This leaves the amount of entering liquid flow, LT to be determined. Refering to Figure 9, if the liquid flow is decreased, the upper end of the operating line will shift to the direction of the equilibrium line, and the concentration of the outlet liquid, xB will obviously increase. The maximum possible outlet liquid concentration and minimum possible liquid flow rate are obtained when the operating line just touches the equilibrium line at point B1. In some cases if the equilibrium line is concaved downwards, the minimum liquid flow rate is reached when the operating line becomes tangent to the equilibrium line. y



equilibrium line B



B1



yB operating line



yT



yB* operating line with minimum L/V



T



xB



xT



xB*



x



Figure 8: Limiting liquid to gas ratio



At this limiting condition, an infinitely high packed absorption column is necessary, since the driving forces for mass transfer become zero at point B1 at the bottom of the column. In an actual column, the liquid flow rate must be greater than this minimum to achieve the required change in the outlet gas composition. The choice of optimum liquid to gas ratio, L/V must obviously be more than the minimum ratio. Since the driving force for mass transfer (y – y*) is proportional to the vertical distance between the operating line and the equilibrium line, increasing the L/V ratio will increase the driving force along the column, thus reducing the height of the column. However, the higher liquid flow rate will give a more dilute product, which makes it more difficult to recover the solute by desorption. This in turn increases the energy cost for desorption. As a general rule, the optimum liquid flow rate should be between 1.1 and 1.5 times the minimum value, unless the liquid is meant to be discarded and not regenerated.
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3.6



Height of Absorption Column The design of an absorption column’s height can be based on any of the rate equations in [9a-d], but the overall gas film coefficient, Kya is often used. The choice of this overall gas film coefficient does not require any assumption about the controlling resistances, and can be used accurately for both liquid and gas film controlling mass transfer. Gas outlet ya Liquid inlet xa Z ZT



dZ y



x



Liquid outlet xb



Gas inlet yb



Figure 9: Diagram for packed absorption column



Refering to the packed column in Figure 10, the cross section area is S while the differential volume in height dZ is SdZ. If the change in molar flow rate V is neglected, the amount absorbed in section dZ is (–Vdy), which is equal to the absorption rate times the differential volume:  V dy  K y ay  y * S dZ



Kya S V



 dZ 



K y a SZT V



b



 a



[12a] dy y y *



[12b]



The right hand side of equation [12b] can either be integrated directly or determined numerically for some cases. By rearranging equation [12b], the column height ZT can be defined as: ZT 



V /S Kya



b



dy



y y*



[13]



a



The integral above represents the change in vapour concentration divided by the average driving force and is called the number of transfer units (NTU), NOy. The part outside the integral in equation [13] has the unit of length and is called the
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height of transfer unit (HTU), HOy. From the transfer units, the height of a packed absorption column can be determined by calculating NOy from the xy diagram and multiplying it by HOy obtained from literature or mass transfer correlations. [14]



ZT  H Oy NOy



For straight and parallel operating and equilibrium lines, the number of transfer units is the same as the number of ideal stages in a packed column. N Oy 



yb  ya y y *



[15]



However, for straight but non-parallel operating and equilibrium lines, the number of transfer units is the change in concentration divided by the logarithmic mean driving force.



N Oy 



yb  ya y L



[16]



















in which y L is the logarithmic mean of y b  y b* and y a  y a* . The overall height of a transfer unit can be defined as the height of a packed section required to accomplish a change in concentration equal to the average driving force in that section. The values of HOy must often be estimated from empirical correlations. In general, there are four kinds of transfer units based on individual or overall driving forces: Gas film: Liquid film: Overall gas: Overall liquid:



3.7



V /S kya L/S Hx  kxa V /S H Oy  Kya



Hy 



H Ox 



L/S Kxa



dy



Ny 



 y  yi



Nx 



 x  xi



dx



dy



N Oy 



y y *



N Ox 



 x * x



dx



[17a] [17b] [17c] [17d]



Pressure Drop in Packed Columns The pressure drop that occurs in a packed column is due to fluid friction among the packings. In Figure 11 below, the pressure drop per unit packing depth is plotted on logarithmic coordinates against the gas flow rate, Gy (mass per hour per unit empty column cross sectional area).
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increasing liquid flow rate



ΔP / packing depth



dry



loading point flooding point



Gas flow rate, Gy Figure 10: Pressure drop in a packed column in logarithmic coordinates



When the packing is dry, the line is straight, thus giving a power relationship between pressure drop and gas flow rate. However, if the packing is irrigated with a constant flow of liquid, the relationship between pressure drop and gas flow rate initially follows a line parallel to that of dry packing. This pressure drop is greater than that for the same gas flow rate in dry packing because liquid in the column reduces the space available for gas flow. At higher gas flow rates, the line for the irrigated packing gradually becomes steeper because the gas now impedes the downflowing liquid. At a point in which liquid holdup starts to increase, the slope of the pressure drop changes. This is called the loading point. With a further increase in gas flow rate, the pressure drop rises rapidly until the lines become almost vertical and the liquid becomes the continuous phase. This is called the flooding point, in which liquid will accumulate at higher gas flows until the entire column is filled with liquid. A widely used correlation for estimating pressure drops in packed column is shown in Figure 12, with the following parameters: x-axis:



y-axis:



Gx Gy



y



[18a]



x  y G y2 FP  x0.1



g c  x   y  y



Gx = liquid mass velocity (lb/ft2.s) Gy = gas mass velocity (lb/ft2.s) ρx = liquid density (lb/ft3) ρy = gas density (lb/ft3) μx = liquid viscosity (cP) gc = gravitational constant (32.174 lb.ft/lbf.s2) FP = packing factor 14



[18b]
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Figure 11: Generalized correlation for pressure drop in packed columns (1 in.H2O/ft = 817 Pa/m)
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4.0



OPERATING PROCEDURES 4.1



General Operating Procedures It is important that the user read and fully understand all the instructions and precautions stated in the manufacturer's manuals supplied with the absorption unit prior to operation. The following procedures will serve as a quick reference for operating the unit.



4.2



General Start-Up Procedures 1. Ensure all valves are closed except the ventilation valve V13. 2. Check that all gas connections are properly fitted. 3. Open the valve on the compressed air supply line. Set the supply pressure to between 2 to 3 bar by turning the regulator knob clockwise. 4. Open the shut-off valve on the CO2 gas cylinder. Check that the CO2 cylinder pressure is sufficient. Replace the cylinder if necessary. 5. Turn on the power for the control panel.



4.3



General Shut-Down Procedures 1. Switch off pump P1. 2. Close valves V1, V2 and V12. 3. Close the valve on the compressed air supply line and exhaust the supply pressure by turning the regulator knob counterclockwise all the way. 4. Close the shut-off valve on the CO2 gas cylinder. 5. Drain all liquid in the column K1 by opening valve V4 and V5. 6. Drain all liquid from the receiving vessels B1 and B2 by opening valves V7 and V8. 7. Drain all liquid from the pump P1 by opening valve V10. 8. Turn off the power for the control panel.



4.4



Liquid Sampling Procedures Samples can be taken from the liquid entering and exiting the absorption columnfor analysis. The sampling valves are located at: a) V8 for inlet liquid to absorption column K1 b) V7 for outlet liquid from absorption column K1



16



SOLTEQ-QVF ABSORPTION COLUMN (Model: BP 751-B)



The procedures for collecting a sample are as follows: i) ii) iii) iv) 4.5



Drain any stagnated liquid above the sampling valve. Place a vial below the sampling valve. Open sampling valve and collect about 100 mL of sample. Close the sampling valve.



Analysis Of Dissolved CO2 in Water Water used for absorption should be deionised because presence of dissolved salts could affect the analysis method as described below. CHEMICALS NEEDED: a) b) c) d)



deionised and CO2 free water phenolphthalein indicator (AR grade) 1.0 L of standard 0.05 M sodium hydroxide (NaOH) solution 100 mL of standard 0.01M sodium bicarbonate (NaHCO3) solution



PROCEDURES: 1. Obtain a sample from Section 4.4. 2. Prepare exactly 100 mL of sample in a conical flask. 3. Add 5–10 drops of phenolphthalein indicator. If the sample turns red immediately, no free CO2 is present. If the sample remains colourless, titrate with the standard 0.05 M NaOH solution. 4. Measure the volume of 0.05 M NaOH required to reach the end point. The end point occurs when a definite pink colour persists in the solution for longer than 30 seconds. 5. For best results, use a colour comparison standard. Prepare exactly 100 mL of 0.01 M NaHCO3 solution in a conical flask and add 5–10 drops of phenolphthalein indicator.
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5.0



EXPERIMENT PROCEDURES 5.1



EXPERIMENT 1: Absorption of Carbon Dioxide from Air into Water OBJECTIVE: To demonstrate the absorption of CO2 into water using a packed column. To calculate the rate of absorption of CO2 into water. To determine the saturation composition of CO2 in water. To study the effect of water flow rates on the rate of CO2 absorption. PROCEDURES: 1. Perform the general start-up procedures as described in Section 4.2. 2. Fill the receiving vessel B2 through the charge port with 25 L of deionised water by opening valve V3 and V5. 3. Close valve V3. 4. Open valve V10 and valve V9 slightly. Observe the flow of water from vessel B1 through pump P1. 5. Open and adjust valve V1 to give a flow rate of 30 L/min air into column K1. 6. Open and adjust valve V2 to give a flow rate of 2 L/min CO2 into column K1. 7. For continuous monitoring of CO2 composition at the outlet gas flow, open valve V12 and slowly close valve V13 to give a flow rate of 2 L/min at FT-304. Always maintain this flow rate throughout the experiment. 8. Monitor the CO2 composition at QI-401 until it is constant. Record the value. 9. Switch on pump P1, then slowly open and adjust valve V11 to give a water flow rate of around 0.5 L/min. Allow the water to enter the top of column K1, flow down the column and accumulate at the bottom until it overflows back into vessel B2. 10. Start collecting liquid samples from both inlet and outlet of absorption column K1 (Section 4.4). Always collect the samples simultaneously. 11. To collect liquid sample for outlet of the adsorption column, close valve V5, open valve V4 and V7. 12. After finish collecting sample, close valve V4 and V7, open valve V5. 13. Analyse the collected samples to determine the composition of dissolved CO2 (Section 4.5). 14. At the same time, record the outlet CO2 composition at QI-401. 15. Continue to collect the liquid samples and record the outlet CO 2 composition at every 5-minute intervals until there are no more changes in CO2 composition over time. 16. Throughout the experiment, monitor and maintain the air, CO2 and water flow rates by adjusting the appropriate valves. 17. At the end of the experiment, close valves V1, V2 and V12. Switch off pump P1. Transfer all the CO2 rich water in receiving vessel B1 to vessel B2.
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18. Repeat the experiment (steps 2 to 14) by changing the water flow rate from 0.5 to 1 L/min. ANALYSIS & DISCUSSION: 1. Use the sample table in Appendix A for data collection. 2. Plot the CO2 concentration in the outlet water flow as a function of time. 3. Plot the CO2 concentration in the outlet gas flow as a function of time. 4. Compare the CO2 concentration plots for different water flow rates.
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5.2



EXPERIMENT 2: Study on Absorption Column OBJECTIVE: To demonstrate the absorption of CO2 into water using packed column . To determine the number of transfer units (NTU), height of transfer unit (HTU) and column efficiency of the absorption column. PROCEDURES: 1. Perform the general start-up procedures as described in Section 4.2. 2. Fill the receiving vessel B2 through the charge port with 25 L of deionised water by opening valve V3 and V5. 3. Close valve V3. 4. Open valve V10 and valve V9 slightly. Observe the flow of water from vessel B2 through pump P1. 5. Open and adjust valve V1 to give a flow rate of 30 L/min air into column K1. 6. Open and adjust valve V2 to give a flow rate of 2 L/min CO2 into column K1. 7. For continuous monitoring of CO2 composition at the outlet gas flow from column K1, open valve V12 and slowly close valve V13 to give a flow rate of 2 L/min at FT-304. Always maintain this flow rate throughout the experiment. 8. Switch on pump P1, then slowly open and adjust valve V11 to give a water flow rate of around 1 L/min. Allow the water to enter the top of column K1, flow down the column and accumulate at the bottom until it overflows into vessel B1. 9. Let the process run for about 5-10 minutes to allow the absorption column to reach steady state. 10. Monitor the CO2 composition at QI-401 until it is constant. Record the steady state value. 11. At the same time, collect a liquid sample from both inlet and outlet of the absorption column K1 (Section 4.4). Always collect samples simuantenously. 12. To collect liquid sample for outlet of the adsorption column, close valve V5, open valve V4 and V7. 13. After finish collecting sample, close valve V4 and V7, open valve V5. 14. Analyse the collected samples to determine the composition of dissolved CO2 (Section 4.5). 15. Repeat the experiment (steps 6 to 11) by further varying the liquid flow rates, gas flow rates and inlet gas composition. The following variables can be changed to reflect different flow rates and compositions: a) liquid flow rate into absorption column using valve V11 b) air flow rate into absorption column using valve V1 c) CO2 flow rate into absorption column using valve V2
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ANALYSIS & DISCUSSION: 1. Use the sample table in Appendix B for data collection. 2. Calculate the number of transfer units (NTU) for both the absorption columns. Divide the effective packing height with the NTU to obtain the height of transfer unit (HTU) for the particular absorption column. 3. Carry out mass balances on the absorption column and calculate the column efficiencies as follows: Absorption efficiency =



Amount of CO2 gas absorbed  100 % Amount of CO2 gas entering column



4. Examine the effect of the following parameters on the NTU, HTU and absorption efficiency in the packed column. a) liquid flow rate b) gas flow rate c) inlet gas composition
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5.3



EXPERIMENT 3: Hydrodynamics of a Packed Column (Dry Column Pressure Drop) OBJECTIVE: To determine the pressure drop across the dry column as a function of air flowrate. PROCEDURES: 1. Perform the general start-up procedures as described in Section 4.2. 2. Fill the receiving vessel B2 through the charge port with 50 L of water by opening valve V3 and V5. 3. Close valve V3. 4. Open valve V10 and valve V9 slightly. Observe the flow of water from vessel B1 through pump P1. 5. Switch on pump P1, then slowly open and adjust valve V11 to give a water flow rate of around 1 L/min. Allow the water to enter the top of column K1, flow down the column and accumulate at the bottom until it overflows back into vessel B1. 6. Switch off pump P1. 7. Open valve V1 for maximum air flow rate into the column. Allow the air to flow through the column K1 until all evidence of moisture in the packings has disappeared. 8. Adjust valve V1 to give an air flow rate of 30 L/min. 9. Record the pressure drop across the column K1 at dPT-201. 10. Repeat steps 7 to 8 with different values of air flow rate. ANALYSIS & DISCUSSION: 1. Use the sample table in Appendix C for data collection. 2. Plot the column pressure drop against the air flow rate in a log-log graph paper. 3. Establish a relationship between the pressure drop and the air flow rate in the packed column.
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5.4



EXPERIMENT 4: Hydrodynamics of a Packed Column (Wet Column Pressure Drop) OBJECTIVE: To examine the air pressure drop across the column as a function of air flow rate for different water flow rates through the column. PROCEDURES: 1. Perform the general start-up procedures as described in Section 4.2. 2. Fill the receiving vessel B2 through the charge port with 50 L of water by opening valve V3 and V5. 3. Close valve V3. 3. Open valve V10 and valve V9 slightly. Observe the flow of water from vessel B1 through pump P1. 4. Switch on pump P1, then slowly open and adjust valve V11 to give a water flow rate of around 1 L/min. Allow the water to enter the top of column K1, flow down the column and accumulate at the bottom until it overflows back into vessel B1. 5. Open and adjust valve V11 to give a water flow rate of 0.5 L/min into column K1. 6. Open and adjust valve V1 to give an air flow rate of 40 L/min into column K1. 7. Observe the liquid and gas flow in the column K1, and record the pressure drop across the column at dPT-201. 8. Repeat steps 6 to 7 with different values of air flow rate, each time increasing by 40 L/min while maintaining the same water flow rate. 9. Repeat steps 5 to 8 with different values of water flow rate, each time increasing by 0.5 L/min by adjusting valve V11. ANALYSIS & DISCUSSION: 1. Use the sample table in Appendix C for data collection. 2. Plot the column pressure drop against the air flow rate for every different water flow rate in a log-log graph paper. 3. Calculate the following parameters and obtain the pressure drop from the generalized correlation chart in Figure 12. x-axis:



y-axis:



Gx Gy



y x  y G y2 FP  x0.1



g c  x   y  y



Compare between the experiment and correlated values.
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6.0
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APPENDIX A SAMPLE TABLE FOR EXPERIMENT 1 Process



: Absorption



Air flow rate



:



L/min



CO2 flow rate



:



L/min



CO2 inlet composition



:



vol%



Liquid flow rate



:



L/min Outlet gas



Time (min) 0 5 10 15 20 25 30 35 40 45 50 55 60



Vol % of CO2 in outlet gas



Outlet water Vol. Of NaOH for



Vol% of CO2 in



sample titration (mL)



outlet water
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APPENDIX B SAMPLE TABLE FOR EXPERIMENT 2 Process



: Absorption



Air Flow Rate



:



CO2 flowrate



:



Water flowrate



:



Volume of water in Sump Tank,B2



:



Data Set 1 Time



QI 401



Data Set 2 Vol of NaoH for Titration (mL)



0 5 10 15 20 25 30 35 40 45 50



QI 401



Vol of NaoH for Titration(mL)
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APPENDIX C SAMPLE TABLE FOR EXPERIMENT 3 Flow rate (L/min)



Pressure drop (mm H2O) air



30



60



90



120



150



180



water 0 1.0



SAMPLE TABLE FOR EXPERIMENT 4 Flow rate (L/min) air 20 40 water 0 1.0 2.0 3.0



Pressure drop (mm H2O) 60



80



100



120



140



160



180
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APPENDIX D: Experimental Results for Absorption Column (BP 751-B) Appendix D.1: Experiment 1: Absorption of Carbon Dioxide from Air into Water Experimental condition: Concentration of NaOH for Titration: 0.05 M Data Set 1: Air Flow Rate:30 L/min CO2 flowrate:2L/min Water flowrate:1.0L/min Volume of water in Sump Tank,B2 : 25L Data Set 2: Air Flow Rate:30 L/min CO2 flowrate:2L/min Water flowrate:0.5L/min Volume of water in Sump Tank,B2 : 25L Table 1.1: Experimental result for CO2 absorption Time



Data Set 1 QI 401



0 5 10 15 20 25 30 35 40 45 50



7.0 8.6 9.2 9.2 9.1 9.1 9.1 9.1 9.1 9.2 9.1



Vol of NaoH for Titration (mL) 4.0 4.2 4.4 4.5 4.8 4.9 4.9 4.9 5.0 5.1 5.1



Data Set 2 QI 401 9.3 9.4 9.4 9.4 9.4 9.3 9.3 9.3 9.3 9.2 9.2



Vol of NaoH for Titration(mL) 3.0 3.0 3.2 4.5 4.0 4.0 4.0 4.2 4.2 4.3 4.3
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Table 1.2: Concentration of CO2 in Feed Tank, B1 Time Conc.of C02 in Feed Tank(mole/L) Data Set 1 0 0.00200 5 0.00210 10 0.00220 15 0.00250 20 0.00240 25 0.00245 30 0.00245 35 0.00245 40 0.00250 45 0.00255 50 0.00255



Conc.of C02 in Feed Tank(mole/L) Data Set 2 0.00150 0.00150 0.00160 0.00250 0.00200 0.00200 0.00200 0.00210 0.00210 0.00215 0.00215



CO2 achieves equilibrium in water with H2CO3, carbonic acid, CO2 (g) + H2O (l)  H2CO3 (l) In the following calculation, assume 1 mol of NaOH neutralizes 1 mol of H2CO3, and hence every 1 mol of NaOH utilized in the titration process is stands for the present of 1 mol of CO 2 in the water sample.
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Sample calculation of Concentration of CO2 in Feed Tank Let say volume of NaOH needed to reach end point = y ml, Molarity of NaOH = 0.05 mol/L, Thus,



y mol L  0.05 L Concentration of CO2 in Feed Tank = 1000 0.1L



For example, when data set 1 is used, at time = 10 minutes,



4.4 mol L  0.05 L Concentration of CO2 in Feed Tank = 1000 0.1L = 0.0022 mol/L By using the calculated concentration of CO2 in Feed Tank, the graph of Concentration of CO2 in Feed Tank versus Time has been plotted, as shown in the figure below.
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Concentration of CO2 in water vs time 0.003



Concentration of CO2 in water (mol/L)



0.0025



0.002



0.0015 Set Data 1 Set Data 2 0.001



0.0005



0 0



5



10



15



20



25



30



35



40



45



50



Time (min)



Figure 1.1: Concentration of CO2 in Feed Tank versus Time for absorption of CO2 in water
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From the graph above, we can observe that for different feed water flow rate, the slope of the graph also will be different. As what we can observe from the graph above, the lower the feed water flowrate, the higher the concentration of CO2 absorbed into the water.



Rate of absorption of CO2 into water =



[conc t  x  conc t 0 ]  VT sec x min  60 min



In which VT = volume of water in feed tank, B1 (L) Conc t=x = concentration of CO2 at t = x Rate of absorption of CO2 into water in data set 1 (0.00255  0.0020) mole / L =  40 L 50  60 s = 7.33 x 10-6 mole/s Rate of absorption of CO2 into water at data set 2 (0.00215  0.00015) mole / L =  40 L 50  60 s = 2.67 x 10-5 mole/s Table 1.3: Concentration of CO2 in Outlet Gas Flow Time Conc.of C02 in Outlet Gas Flow(mole/L) Data Set 1 0 0.00350 5 0.00430 10 0.00460 15 0.00460 20 0.00455 25 0.00455 30 0.00455 35 0.00455 40 0.00455 45 0..00460 50 0.00455



Conc.of C02 in Outlet Gas Flow(mole/L) Data Set 2 0.00465 0.00470 0.00470 0.00470 0.00470 0.00465 0.00465 0.00465 0.00465 0.00460 0.00460
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Concentration of CO2 in Outlet Gas Flow (mol/L)



Concentration of CO2 in Outlet Gas Flow vs time 0.005 0.0045 0.004 0.0035 0.003 0.0025 0.002 0.0015 0.001 0.0005 0



Data Set 1 Data Set 2



0



5
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15
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Figure 1.2: Concentration of CO2 in Outlet Gas Flow versus Time



As conclusion, the lower the feed water flowrate, the higher the concentration of CO2 absorbed into the water. The higher the water flow rate, the sooner the feed water becomes enriched with dissolved CO2 and does not absorb any more of CO2 molecules into the water.
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EXPERIMENT 2: Study on Absorption Column Effect of Different Water Flowrate Data Set 1: Air Flow Rate:30 L/min CO2 flowrate:2L/min Water flowrate:1.0L/min Volume of water in Sump Tank,B2 : 25L Data Set 2: Air Flow Rate:30 L/min CO2 flowrate:2L/min Water flowrate:0.5L/min Volume of water in Sump Tank,B2 : 25L Table 2.1: Experimental result for experiment 2 Data Set 1 Time QI 401 Vol of NaoH for Titration (mL) 0 7.0 4.0 5 8.6 4.2 10 9.2 4.4 15 9.2 4.5 20 9.1 4.8 25 9.1 4.9 30 9.1 4.9 35 9.1 4.9 40 9.1 5.0 45 9.2 5.1 50 9.1 5.1



Data Set 2 QI 401 9.3 9.4 9.4 9.4 9.4 9.3 9.3 9.3 9.3 9.2 9.2



Vol of NaoH for Titration(mL) 3.0 3.0 3.2 4.5 4.0 4.0 4.0 4.2 4.2 4.3 4.3
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Table 2.2: Concentration of CO2 in Feed Tank, B1 Time Conc.of C02 in Feed Tank(mole/L) Data Set 1 0 0.00200 5 0.00210 10 0.00220 15 0.00250 20 0.00240 25 0.00245 30 0.00245 35 0.00245 40 0.00250 45 0.00255 50 0.00255



Conc.of C02 in Feed Tank(mole/L) Data Set 2 0.00150 0.00150 0.00160 0.00250 0.00200 0.00200 0.00200 0.00210 0.00210 0.00215 0.00215



Concentration of CO2 in water (mol/L)



Concentration of CO2 in water vs time 0.005 0.0045 0.004 0.0035 0.003 0.0025 0.002 0.0015 0.001 0.0005 0



Set Data 1 Set Data 2



0



5



10



15
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30



35



40



45



50



Time (min)



Figure 2.1: Concentration of CO2 in Feed Tank versus Time for absorption of CO2 in water
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Table 2.3: Concentration of CO2 in Outlet Gas Flow Time Conc.of C02 in Outlet Gas Flow(mole/L) Data Set 1 0 0.00350 5 0.00430 10 0.00460 15 0.00460 20 0.00455 25 0.00455 30 0.00455 35 0.00455 40 0.00455 45 0.00460 50 0.00455



Conc.of C02 in Outlet Gas Flow(mole/L) Data Set 2 0.00465 0.00470 0.00470 0.00470 0.00470 0.00465 0.00465 0.00465 0.00465 0.00460 0.00460



Concentration of CO2 in Outlet Gas Flow (mol/L)



Concentration of CO2 in Outlet Gas Flow vs time 0.005 0.0045 0.004 0.0035 0.003 0.0025 Data Set 1



0.002



Data Set 2



0.0015 0.001 0.0005 0 0



5



10



15



20



25



30



35



40



45



Time (min)



Figure 2.2: Concentration of CO2 in Outlet Gas Flow versus Time Data Set 1: Absorption efficiency =



Amount of CO2 gas absorbed  100 % Amount of CO2 gas entering column = = 53.48 %



x 100%
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Data Set 2: Absorption efficiency =



Amount of CO2 gas absorbed  100 % Amount of CO2 gas entering column



= = 42.15%



x 100%
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Effect of Different Air Flowrate Data Set 1: Air Flow Rate:30 L/min CO2 flowrate:2L/min Water flowrate:1.0L/min Volume of water in Sump Tank,B2 : 25L Data Set 2: Air Flow Rate:50 L/min CO2 flowrate:2L/min Water flowrate:1.0L/min Volume of water in Sump Tank,B2 : 25L Table 2.4: Experimental result for experiment 2 Data Set 1 Time QI 401 Vol of NaoH for Titration (mL) 0 7.0 4.0 5 8.6 4.2 10 9.2 4.4 15 9.2 4.5 20 9.1 4.8 25 9.1 4.9 30 9.1 4.9 35 9.1 4.9 40 9.1 5.0 45 9.2 5.1 50 9.1 5.1 Table 2.5: Concentration of CO2 in Feed Tank, B1 Time Conc.of C02 in Feed Tank(mole/L) Data Set 1 0 0.00200 5 0.00210 10 0.00220 15 0.00225 20 0.00240 25 0.00245 30 0.00245 35 0.00245 40 0.00250 45 0.00255 50 0.00255



Data Set 2 QI 401 8.5 8.8 8.8 8.3 8.5 8.4 8.7 8.8 8.9 8.8 8.8



Vol of NaoH for Titration(mL) 2.5 3.6 3.2 3.4 3.8 3.9 3.8 4.0 4.1 4.1 4.1



Conc.of C02 in Feed Tank(mole/L) Data Set 2 0.00125 0.00180 0.00160 0.00170 0.00190 0.00195 0.00190 0.00200 0.00205 0.00205 0.00205
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Concentration of CO2 in water vs time Concentration of CO2 in water (mol/L)



0.005 0.0045 0.004 0.0035 0.003 0.0025 0.002
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Figure 2.3: Concentration of CO2 in Feed Tank versus Time for absorption of CO2 in water



Table 2.6: Concentration of CO2 in Outlet Gas Flow Time Conc.of C02 in Outlet Gas Flow(mole/L) Data Set 1 0 0.00350 5 0.00430 10 0.00460 15 0.00460 20 0.00455 25 0.00455 30 0.00455 35 0.00455 40 0.00455 45 0.00460 50 0.00455



Conc.of C02 in Outlet Gas Flow(mole/L) Data Set 2 0.00425 0.00440 0.00440 0.00415 0.00425 0.00420 0.00435 0.00400 0.00445 0.00440 0.00440
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Concentration of CO2 in Outlet Gas Flow vs Time Concentration of CO2 (mol/L)



0.005 0.0045 0.004 0.0035 0.003 0.0025 0.002



Data Set 1
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Figure 2.4: Concentration of CO2 in Outlet Gas Flow versus Time



Data Set 1: Absorption efficiency =



Amount of CO2 gas absorbed  100 % Amount of CO2 gas entering column =



x 100%



= 52.96 % Data Set 2: Absorption efficiency =



Amount of CO2 gas absorbed  100 % Amount of CO2 gas entering column = = 43.55 %



x 100%
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Effect of Different CO2 Flowrate Data Set 1: Air Flow Rate:30 L/min CO2 flowrate:2L/min Water flowrate:1.0L/min Volume of water in Sump Tank,B2 : 25L Data Set 2: Air Flow Rate:30 L/min CO2 flowrate:6L/min Water flowrate:1.0L/min Volume of water in Sump Tank,B2 : 25L Table 2.7: Experimental result for experiment 2 Data Set 1 Time QI 401 Vol of NaoH for Titration (mL) 0 7.0 4.0 5 8.6 4.2 10 9.2 4.4 15 9.2 4.5 20 9.1 4.8 25 9.1 4.9 30 9.1 4.9 35 9.1 5.0 40 9.1 5.1 45 9.1 5.1 50 9.1 5.1 Table 2.8: Concentration of CO2 in Feed Tank, B1 Time Conc.of C02 in Feed Tank(mole/L) Data Set 1 0 0.00200 5 0.00210 10 0.00220 15 0.00225 20 0.00240 25 0.00245 30 0.00245 35 0.00250 40 0.00255 45 0.00255 50 0.00255



Data Set 2 QI 401 13.0 13.0 13.0 13.0 13.0 13.1 13.1 13.1 13.1 13.1 13.1



Vol of NaoH for Titration(mL) 4.5 5.1 5.3 5.2 5.2 5.3 5.5 5.5 6.0 6.2 6.2



Conc.of C02 in Feed Tank(mole/L) Data Set 2 0.00225 0.00255 0.00265 0.00260 0.00260 0.00255 0.00275 0.00275 0.00300 0.00310 0.00310
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Concentration of CO2 in water vs time Concentration of water (mol/L)
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Figure 2.5: Concentration of CO2 in Feed Tank versus Time for absorption of CO2 in water



Table 2.9: Concentration of CO2 in Feed Tank, B1 Time Conc.of C02 in Outlet Gas Flow(mole/L) Data Set 1 0 0.00350 5 0.00430 10 0.00460 15 0.00460 20 0.00455 25 0.00455 30 0.00455 35 0.00455 40 0.00455 45 0.00460 50 0.00455



Conc.of C02 in Outlet Gas Flow(mole/L) Data Set 2 0.00650 0.00650 0.00650 0.00650 0.00650 0.00655 0.00655 0.00655 0.00655 0.00600 0.00655
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Concentration of CO2 in Outlet Gas Flow



Concentration of CO2 in outlet Gas Flow vs Time 0.007 0.006 0.005 0.004 0.003
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Figure 2.6: Concentration of CO2 in Outlet Gas Flow versus Time
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Experiment 3: Hydrodynamics of A Packed Column (Dry Column Pressure Drop) Data Set 1 Water Flow Rate : 1.0L/min Data Set 2 Water Flow Rate : 1.5 L/min Data Set 3 Water Flow Rate : 2.0 L/min



Table 3.1: Pressure drop for dry column Flowrate (L/min)



Pressure Drop (mbar) air



40



60



80



100



120



140



160



180



0.7 1.8 1.5



1.3 2.2 2.8



1.5 2.4 3.5



1.6 3.8 6.5



1.8 5.4 7.3



2.1 6.1 7.4



2.5



water 1.0 1.5 2.0



0.5 1.2 1.0
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Pressure Drop vs Air Flow Rate 8 Pressure Drop (mbar)



7 6 5 4



Data Set 1



3



Data Set 2



2



Data Set 3



1



0 40
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80
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Figure 3.1 Pressure Drop vs. Air Flow Rate (hydrodynamics for dry column)
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From Figure 3.1 above, we can conclude that for 1.0 LPM of feed water, the packed column saturated at 100 LPM of air flowrate, while for 1.5 LPM of feed water the packed column saturated at 100 LPM of air flowrate, whereas for 2.0 LPM of feed water the packed column saturated at 60 LPM of air flowrate. Refer to the graph of generalized pressure drop correlation, the theoretical pressure for different flow rate of air and water is as follow: Table 3.2: Comparison between theoretical and experimental air flow rate (LPM) Water flow rate



Theoretical flooding air



Experimental flooding



Error (%)



(LPM)



flow rate (LPM)



air flow rate (LPM)



1.0



170



100



41.18



2.0



110



100



9.1



3.0



70



60



14.3
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Experiment 4: Hydrodynamics of A Packed Column (Wet Column Pressure Drop) Data Set 1 Water Flow Rate : 1.0L/min Data Set 2 Water Flow Rate : 1.5 L/min Data Set 3 Water Flow Rate : 2.0 L/min



Table 4.1: Pressure drop for wet column Flowrate (L/min)



air water 1.0 1.5 2.0



Pressure Drop (mbar)



40 60



80



100



120



140



160



180



1.7 2.2 2.3



2.1 2.8 3.7



2.3 3.3 5.3



2.8 5.1 7.2



3.1 7.4 9.1



3.4 8.8 10.9



5.8



1.3 1.8 1.1



200



Pressure Drop vs Air Flow Rate Pressure Drop (mbar)
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Figure 4.1: Pressure Drop vs. Air Flow Rate (hydrodynamics for wet column)
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From Figure 4.1 above, we can conclude that for 1.0 LPM of feed water, the packed column saturated at 160 LPM of air flowrate, while for 1.5 LPM of feed water the packed column saturated at 100 LPM of air flowrate, whereas for 2.0 LPM of feed water the packed column saturated at 40 LPM of air flowrate. Refer to the graph of generalized pressure drop correlation, the theoretical pressure for different flow rate of air and water is as follow: Table 4.2: Comparison between theoretical and experimental air flow rate (LPM) Water flow rate



Theoretical flooding air



Experimental flooding



(LPM)



flow rate (LPM)



air flow rate (LPM)



1.0



170



160



5.88



2.0



110



100



9.1



3.0



70



40



42.86



LIQUID HOLDUP For liquid flowrate of 1LPM, ht = ho + hs liquid retained on packings = 42.5ml = 0.0000425m3 (determined experimentally) hs = 0.0000425/0.12 = 0.000354m3/m3 ' u u 2 l 1/ 2 ho = 2.2( l 2l )1 / 3  1.8( ) gd p g l d p where  'l = liquid viscosity, Pas ul = liquid superficial velocity, m/s g = gravitational constant, kg/m3  l = liquid density, kg/m3 dp = nominal packing size, m so, ho = 2.2(



0.839 x0.03315 1 / 3 0.03315^ 2 1 / 2 )  1.8( ) 9.81x996 x(0.01^ 2) 9.81x0.01



= 0.06717 + 0.1905 = 0.2577 ht = 0.0000425 + 0.2577 = 0.2577



Error (%)
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APPENDIX D: CALCULATION OF THEORETICAL VALUE OF FLOODING POINT



Density if water = 996kg/m3 Density of air = 1.175 kg/m3 D 2  0.0005027m 2 Area of packed column = 4 Fp= 1900m-1 By calculating all the conditions, table below is obtained. Gas flowrate (LPM) 20 30 40 50 60



V*m



K4



FLV (1 LPM)



FLV (2 LPM)



FLV (3 LPM)



0.077912605 0.116868908 0.155825211 0.194781513 0.233737816



0.032 0.072 0.128 0.199 0.287



1.455 0.970 0.728 0.582 0.485



2.911 1.941 1.455 1.164 0.970



4.368 2.912 2.184 1.747 1.456



SOLTEQ-QVF ABSORPTION COLUMN (BP751-B)



70 80 90 100 110 120 130 140 150 160 170 180



0.272694118 0.311650421 0.350606724 0.389563026 0.428519329 0.467475632 0.506431934 0.545388237 0.584344539 0.623300842 0.662257145 0.701213447



0.391 0.511 0.646 0.798 0.965 1.149 1.348 1.564 1.795 2.043 2.306 2.585



0.416 0.364 0.323 0.291 0.265 0.243 0.224 0.208 0.194 0.182 0.171 0.162



0.832 0.728 0.647 0.582 0.529 0.485 0.448 0.416 0.388 0.364 0.342 0.323



1.248 1.092 0.971 0.874 0.794 0.728 0.672 0.624 0.582 0.546 0.514 0.485



The theoretical flooding point for 1 LPM, 2LPM and 3LPM of water is at gas flowrate of 170LPM, 110LPM and 70 LPM respectively.
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