




          Process design of spray chamber or spray tower type                                       
            Absorber
Definition: spray absorber is a mechanical device used for removing so2 from boiler flue gases that is exhausted from a boiler.
Basic information:
>it have either circular or rectangular cross section & there is no packing in the spray absorber.
>it is divided in two types: 1.verticle 2.horizontal
>liquid phase residence time in spray absorber is very low as 1 to 10 second; hence the chemical reagent can be added in liquid phase to get higher rate of absorption.
Process design of vertical & horizontal spray tower:
>in vertical spray tower gas stream is flowing vertically upward & liquid is sprayed downward in various section within the tower while in horizontal spray tower gas stream is flowing horizontally through it and liquid is sprayed vertically downward perpendicular to the direction of gas flow
Process design steps for vertical and horizontal spray tower are as follows:
          Step-1
Determination of tower diameter or duct area
 >for vertical spray tower: max. Permissible gas velocity is 2.3 m/S but actual velocity is less than 2.3 m/s, while actual velocity is less than 7 m/s for horizontal spray tower. To avoid excessive entrainment of liquid droplets in the exits gas. Diameter of vertical & horizontal spray tower is calculated by following equitation. 
             
           D =         qv*4                            
                           ug*π 
Where, D= tower diameter, m
              qv= volumetric flow rate of gas , m3/s
              ug= gas velocity through tower , m/s
                 =for vertical spray tower < 2.3 m/s
                 = for horizontal spray tower <7 m/s
       Step-2
Determination of no. Of gas phase transfer unit required for separation by following equitation.
        
         NG = y1– y2                       for vertical spray tower
                                   y2          
            NG = ln    y1                           for horizontal spray tower 
                                        y2 
Where,    NG=no. Of gas phase transfer units
             y1, y2=gas phase solute mole fraction at inlet and outlet
        Step-3
Calculate total volume of spray section.
        
        V =  NG*Gm                    for vertical & horizontal spray 
                  KGa
Where,    V=volume of spray section, m3
               NG=no. Of gas-phase mass transfer units
              KGa=overall volumetric gas phase mass transfer coefficient kmol/[(s. m3)(mole fraction of   
                       Solute in gas)]
               Gm=flow rate of gas phase, kmol/s
  EXAMPLE:
Design of spray chamber for following duty:
Volumetric flow rate of boiler flue gas =24 000 Sm3/h
Pressure of gas = 150 mm WC (gauge)
Temperature = 80 to 90 
So2 concentration in boiler flue gas = 4000 ppm = 4000 10-6 kmol/kmol gas
Desired concentration 0f So2 in the outgoing gas = 200 ppm =200 10-6 kmol/kmol gas 
Solvent = 1 % lime solution.
  Solution:
Type of scrubber: spray chamber
Position: horizontal or vertical
(A)Tower diameter
(1)For vertical spray chamber:

                         qv =  24000 * 103.33      (273+90)
                                              273                    (103.33+150)
                              = 31 455.5 m3/h
                                               = 8.7376 m3/s
Maximum permissible gas velocity through vertical spray chamber = 2.3 m/s (to avoid the excessive entrainment)
                      ug max=2.3 m/s
Let actual velocity of gas through spray tower.
                      ug = 66 % of  ug max
                                  ug = 0.66*2.3 =1.518 m/s

        Di =           qv*4                            
                           ug*π 
             
             =        4*8.7376            = 2.707 m
                       3.14*1.518    
 (
D
i 
= 2.707
 
m
)           

(2) Horizontal cross flow spray chamber:
Maximum permissible gas velocity through horizontal spray chamber = 7 m/s
                  ug max= 7 m/s
Let actual velocity of gas through horizontal spray tower.
                     ug = 66 % of  ug max
                                ug = 0.66*7 =4.62 m/s
Let c/s area of horizontal spray chamber, A=W2 for square duct
Where,    W= Width of chamber = Height of chamber
             W2 = qv/ug
                              = 8.7376/4.62   = 1.8913
             W = 1.375 m
(B)No. Of gas phase transfer units, NG
(1)No. Of gas phase transfer units required for desired separation, for vertical spray tower
                
         NG =   y1 – y2                         
                                     y2          
              = 4000 10-6 - 200 10-6
                                            200 10-6
 (
  N
G
 
= 19
)                    

(2)For horizontal spray tower

            NG = ln    y1                           
                                        y2 
            
             = ln      4000 10-6
                                             200 10-6
 (
N
G
 = 3
)                   

(C)Circulation rate of 1 % lime solution.
(1)For vertical spray chamber.
From the existing vertical spray tower of one of the large scale industry, following data are available:
Flow rate of boiler flue gas = 12 000 Sm3/h
Temperature of incoming gas = 80 to 90 
So2 concentration in inlet stream = 2500 to 4000 ppm
So2 concentration in outlet stream = less than 400 ppm
Circulation rate of 1% lime solution = 30 m3/h
Tower diameter = 1.7 m
Height of spray zone =3.5 m
Pressure drop = 100 mm WC (maximum)
Based on these data, circulation rte required for new tower
Circulation rate = 3024 000 = 60 m3/h
                                       12 000
(2) For horizontal spray chamber
For the trial run, let the circulation rate 1% lime solution for horizontal spray chamber = 60 m3/h
(D) Height of tower:
(1) Vertical spray tower:
          
        V =  NG*Gm                  
                    KGa
For existing tower

          NG   =    4000 10-6 - 400 10-6               
 (
N
G
 = 9
)                                                    400 10-6
                 
        
          V = π/4 (1.7)2(3.5) = 7.944 m3
          
           Gm = 12000/2.414
             = 535.38 kmol/h 0.1487 kmol/s
For existing tower, KGa = 9*0.1487/7.944
                                          = 0.1685 kmol/(m3. s)
Volume of spray section required for new tower

        V =  NG*Gm                   
                   KGa
            =         0.1685
           
           = 33.54 m3 = (π/4)Di2H
Where, H = Height of spray section required
  33.54 m3 = (π/4)(2.7)2H
             H = 5.86 m
Let        H = 6 m
(2) For horizontal spray chamber:
Assume the overall volumetric mass transfer coefficient KGa for cross flow arrangement in horizontal spray chamber to be 0.1 kmol/ (m3 .s).
        V =  NG*Gm                   
                    KGa
            =  =8.922 m3
        V = W2L = 8.922 m3 = (1.375)2 L
Length of spray section required with horizontal position, L = 4.72 m
Let L = 5 m
(E) Approximate pressure drop calculations:
(1) For vertical spray chamber
Pressure drop ∆p  G1.84 d-4.84 L
Pressure drop in actual vertical spray tower is 100 mm WC (maximum)
Pressure drop in proposed new vertical spray tower,
                                                 
                   ∆p = 100  
               ∆p = 64.24 mm WC (within permissible limit)
(2) For horizontal spray chamber

                  ∆p = 100  
              ∆p = 1428 mm WC (very high)
To decrease the pressure drop, duct area must be increased. Let W = 2 m & L = 2.5 m

                 ∆p = 100  
             ∆p = 116.45 mm WC (within permissible limit)
Actually duct area (W2) is higher than circular cross section area  and hence it will offer less pressure drop than the circular cross section.
Volume of spray section, V = (2)2 2.5 = 10 m3 (revised)
(F) Make-up of lime solution:
Lime required = Lime consumed in reaction + Drift loss.
Liquid particles entrained in outgoing gas. Let drift loss = 0.2 % of circulation rate
Drift loss = 60 = 0.12 m3/h  120 kg/h
Loss of lime as drift = 1.2 kg
Lime is consumed in reaction
Ca(OH)2 + SO2 CaSO3 + H2O
SO2 consumed in reaction =  (4000 – 200)   10-6 = 4.07 kmol/h
Ca(OH)2 consumed in reaction =4.07  74 = 301.18 kg/h
Lime required as CaSO3 = (301.18 + 1.2)  + 1.2 = 408.62 kg/h
Loss of water = Drift loss + Evaporation rate + Blow down  1 % of circulation rate CaCO3 addition required = 408.62 kg/h
Water addition required = 6 m3/h = 6000 kg/h
      Summary of results:
     Vertical spray tower                                         Horizontal spray tower
1. Tower diameter = 2.71 m                                1. Duct width and height = 2 m
2. Height of spray section = 6 m                        2. Length of spray section = 2.5 m
3. Volume of spray section = 33.54 m3            3. Volume of spray section = 10 m3
4. Pressure drop = 64 mm WC                           4. Pressure drop = 60 mm WC
5. Circulation rate = 60 m3/h                             5.Circulation rate = 60 m3/h
6. Lime as CaCO3 required = 408.62 kg/h      6.Lime as CaCO3 required = 408 kg/h
7. Make up water required = 6 m3/h               7. Make up water required = 6 m3/h
Comment: From resulting data, it is clear that horizontal spray chamber is a better option. But it is less common in operation as compared to vertical spray tower. Here mass transfer data used for calculation are available for vertical spray tower. Hence, design of the vertical pray tower is more reliable as compared to the horizontal spray chamber.
        VENTURI SCRUBBER.
DEFINITON: Venturi scrubber is a device used for removing particulate matter from gas stream as opposed to absorbing soluble vapour.
BASIC INFORMATION:
>it gives more efficient contact between liquid & gas than spray tower, but the expense of   relatively large gas-side pressure drop and consequent higher power consumption.
>Spray tower cannot be remove very fine particles (below 10m size) while the venturi scrubber can remove the fine particles up to the size 2m size effectively.
>The fractional solute removal for a dilute system in venturi scrubber is calculated by following equation.
            Fractional solute removal =    y1 – y2                         
                                                                                                               y2         
                                                              
                                                                                            =  (1 – mx2/y2 )
                                                                                                 (1 + mGM/LM)
Where, y1,y2 = mole fraction of solute in gas at inlet & outlet
                    m= slope of equilibrium curve
                    x2= mole fraction of solute in incoming solvent (liquid)
                  GM= Molar gas phase velocity, kmol/ (m2.s)
                   LM= Molar liquid phase velocity, kmol/ (m2.s)
                     Mass transfer efficiency, calculated by following equation.
                    – Exp (- NG)
Where,   NG= (KGaRT/pt)c
Where, KGa=overall volumetric gas phase mass transfer coefficient for dilute systems, kmol/(m3.s)
             R = Ideal gas constant =8314 J/ (kmol. K)
             T = operating temperature of gas, K
             c= Effective gas-liquid contact time, s
             Pt= Operating pressure, Pa
>The value of NG can be achieved in venturi scrubber is in the range between 1 to 2.
>The liquid to gas ratio for venturi scrubber is in between 0.7 to 2.7 L/m3
>Throat velocity is kept in between 60 to 150 m/s
>The estimated pressure drop across the venturi scrubber is given by following equation.
              ∆P = 2.58410-3   (L’/G’)0.78
Where, ∆P= Venturi pressure drop from inlet duct to out let duct, cm WC
               VG= Gas velocity in inlet throat, m/s
               = Gas density, kg/m3
              Ath = Venturi throat area, cm2
                   L’/G’= Liquid to gas ratio, L/m3
  Example: 2 
Predict the fractional solute removal and pressure drop in a venturi scrubber based on the following data.
Volumetric flow rate of boiler flue gas = 24000 Nm3/h
Discharge pressure of gas from venturi = Atmospheric
Temperature of gas = 80 to 90
SO2 concentration in boiler flue gas = 4000 ppm (or mg/kg)
Solent = 1 % lime solution
Solvent to gas ratio = 1.4 L/m3
Throat velocity of gas phase = 100 m/s
Average molar mass of flue gas = 29.48 kg/kmol 
  Solution:
Volumetric flow rate of gas at actual operating condition.
            
                   qV =  = 31 912.1 m3/h
                        8.8645 m3/s
Gas velocity in throat = 100 m/s
Inside diameter of throat,

             di =  = 0.336 m
Flow rate of solvent (1 % lime solution) =1.4 × 8.8645 = 12.41 L/s = 44.676 m3/h
Density of 1 % lime stone solution = 1012.5 kg/m3
Mass flow rate of solution = 45 234.55 kg/h
                 = 12.565 kg/s

Molar flow rate of liquid, LM =  = 0.693 kmols

Molar flow rate of Gas, GM = = 
                                     GM = 0.2978 kmol/s
Number of transfer units, NG that can be achieved in venturi scrubber is in the range of 1 to 2.
Assuming NG = 1 (safe value)
Mass transfer efficiency,
                        𝞰
                        𝞰 =1- e-1 = 0.6321
Fractional solute removal,
       
               = E

                                              x2 = 0,    y2 = ?
                   
                   y1 = 4000
Partial pressure of SO2 in gas phase 
Assume average temperature of scrubber =50
Equilibrium mass of SO2 per 100 mass of H2O = 0.035(table 3-144 of ref. 3)
Equilibrium mole fraction
Equilibrium mole fraction 
                    xe = 9.846
                    ye = 0.004
                   m
Equilibrium constant for physical absorption at 50 and 1 atm pressure, m=40.63
For low concentration range m can be assumed constant.
                
                       
                      y2 = 0.00386
Here pressure of 1 % lime in solution or chemical reaction between lime and SO2 is not considered. Chemical reaction enhances the rate and extends of absorption considerably. To find this, lab-scale or pilot plant scale data are required on the same system and also on the same type of absorber. Reliable theoretical equations are not available for the same.
Pressure drop

                  
                  vG = 100 m/s
                   Ath =Throat area in cm2 = = 886.7 cm2
Density of gas,  kg/m3
                       
                      
             
               
             82 cm WC820 mm WC
     Comparison with spray absorber:
Pressure drop provides by venturi scrubber (820 mm WC) is very much greater than the same provided by vertical spray absorber (64 mm WC)
PROCESS DESIGN OF ALLING FILM ABSORBER:
DEFINNITION: FALLING FILM ABSORBER IS ASHELL AND TUBE HEAT EXCHANGER IN WHICH ABSORPTION OF GAS IN LIQUID IS CARRIED OUT INSIDE THE TUBES WHILE COOLING MEDIUM LIKE COOLING WATER IS CIRCULATED ON THE SHELL SIDE.
     BASIC INFORMATION:
>IT IS USED FOR HIIGHLY EXOTHERMIC ABSORPTION:
EXAMPLES
1. ABSORPTION OF HYDROGEN CHLORIDE GAS IN WATER
2. ABSORPTION OF AMMONIA GAS IN WATER
3.  ABSORPTION OF SULPHUR TRIOXIDDE INN ALPHA OLEFINS
4. ABSORPTION OF SULPHURIC TRIOXIDE IN METHYL ESTERS OF DATURATED FATTY ACIDS ETC.........                                                                                                     

     ADVANTAGES OF FALLING ILM ABSORBER OVER PACKED TOWER
     TYPE ADIABATIC ABSORBER:                     
1. IT GIVES BETTER QUALITY OF PRODUCT SOLUTION
2. IT GIVES MORE EFFICIENT ABSORPTION
3. IT HAS LOWER TEMPERATURE LOW PRESSURE DROPS AND HIGHER TURN DOWN CAPACIY.                         
     DISADVANTAGES:
1. More difficult to control & is sensitive to liquid and gas distribution problems 
2. It has the greater tendency to absorb undesirable water soluble low boiling impurities.                                                                                               
Process of exothermic absorption of gases like HCL & NH3:
For the process of exothermic absorption of gas in water, there are two requirements:
1. Large liquid surface area to get the higher rate of mass transfer
2. Rapid removal of the heat of absrption
BOTH CAN BE DONE MOST EFFECTIVELY BY CAUSING THE LIQUID TO FLOW DOWN AS A FILM INSIDE OF A VERTICALTUBE WHICH IS COOLED ON THE OUTSIDE.
>Falling film absorber with counter current flow of the gas & liquid suffer from the limitation that flooding occurs when the gas velocity exceeds a limitation value of the order of 4.5 m/s for 2.5 mm OD tube.
>for absorption of HCL gas falling film absorber followed by tail gas scrubber is preferred if the concentration of HCL gas in feed mixture is more than 40 %.
>Nearly 66 to 85 % of absorption is carried out in falling film absorber while the balance is carried out in tail gas scrubber. If concentration of HCL in feed is less than 40 % then it is difficult to produce the product solution of commercial strength.
>Low concentration of HCL in exist gas gives low concentration of HCL in product solution.
     PROCESS DESIGN OF FALLING FILM ABSORBER:
Consider absorption of HCL in water.
1. Fix the inlet & outlet concentration of HCL acid. Also fix the concentration of HCL in the exit gas stream. Partial pressure of HCL in the exit gas stream at bottom should be greater than vapour pressure of HCL i product solution at outlet temperature & concentration of liquid and gas stream can be fixed.
2. Determine the overall rate of absorption and based on the same determine total heat duty. Actual rate of absorption and hence rate of heat transfer required are changing from point to point of heat exchanger.
3. Based on the heat balance find the flow rate of cooling medium.
4. In the end heat transfer area of falling film absorber must be determine:
                    
               To facilitate to phase flow do can be selected 25.4 mm
a. For concurrent contact velocity of feed gas mixture at inlet should be less than or equal to 18.3 m/s. to get the higher rate of mass transfer gas velocity at tube inlet should be 15 m/s as per recommendation.
b. For efficient operation of falling film absorber certain minimum liquid flow rate is required to maintain a continuous film over the tube wall. Minimum required flow rate of liquid is 150 kg/(h.m),
Actually tube length can be easily determined based on average value of overall heat transfer coefficient U and based on overall heat duty and overall mean temperature difference. Overall coefficient U is assumed constant.
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Check. Rate of absorption of gas is given by equation:
     Rate of absorption, NA = KGM   kg/ (m2.s)
Where,  
KG = Overall mass transfer coefficient based on the arithmetic mean partial pressure difference in kmol/ (m2.atm.s)
M = molar mass of gas absorbed kg/kmol = 36.5 for HCL or 17 for NH3
PAG = Partial pressure of solute gas in gas mixture. atm
PAL = Equilibrium partial pressure of solute A at gas liquid interface, atm
Mass transfer coefficient for hydrogen chloride absorption in tubular absorber is calculated by following equation:

                            Kmol/ (m2.atm.s)
Where,
di = Inside diameter of tube, m
Gt = Mass velocity of gas mixture at inlet, kg/(m2.s)
μ = Viscosity of gas mixture kg/ (m.s)
Mav = Average molar mass of gas mixture at inlet, kg/kmol

Heat transfer coefficient of liquid film can be calculated by McAdams, Drew and Bay’s equation;
                         h = 9136
Where,
h = Tube side heat transfer coefficient, W/ (m2.)                       
This correlation is valid for value of, ranging from 0.25 to 6.2 kg/(m.s)
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