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Abstract 
Oxy-fired boilers are receiving increasing focus as a potential response to reduced boiler 

emissions limits and greenhouse gas legislation. Among the challenges in cleaning boiler gas 

for sequestration is attaining the necessary purity of the CO2. A key component in the oxy-fired 

cleaning path is high purity SOx and NOx removal, often through absorption using the lead-

chamber or similar process.  

 

Aerosol formation has been found to be a source of product contamination in many flue gas 

absorption processes. A number of authors presented simulation methods to determine the 

formation of aerosols in gas absorption. But these methods are numerically challenging and not 

suitable for day-to-day analysis of live processes in the field. The goal of this study is to devise a 

simple and practical method to predict the potential for and effect of aerosol formation in gas 

absorption using information from Aspen Plus, a commonly used process simulation tool. The 

NOx absorber in an oxy-fired boiler CO2 purification system is used as a basis for this 

investigation. 

 

A comprehensive review of available data suitable for simulating NOx absorption in an oxy-fired 

boiler slipstream is presented. Reaction rates for eight reactions in both liquid and vapor phases 

are covered. These are entered into an Aspen Plus simulation using a RadFrac block for both 

rate-based and equilibrium reactions. A detailed description of the simulation format is given. 

The resulting simulation was compared to a previously published simulation and process data 

with good agreement. 

 

An overall description of the aerosol formation mechanism is presented, along with an estimate 

of expected aerosol nuclei reaching the NOx absorption process. A method to estimate aerosol 

quantities produced based on inlet gas nuclei concentration and available condensable water 

vapor is presented.  

 

To estimate aerosol composition and emissions, an exit gas slipstream is used to equilibrate 

with a pure water aerosol using an Aspen Plus Equilibrium Reactor block. Changing the 

composition of the initial aerosol feed liquid suggests that the location of aerosol formation may 

influence the final composition and emissions.  
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Nomenclature 

 

Term Description Units 

   Concentration of particles 
                   

  
 

   Diameter    

   Diffusion coefficient for component x 
  

 
 

GPU Gas processing unit NA 

   Henry’s law constant for component x 
   

     
 

    Heat of reaction for reaction x 
  

    
 

  Nucleation rate 
 

   
 

       Equilibrium coefficient for reaction x 
  

     
 or as noted 

k Reaction rate kinetic coefficient NA 

L/G Ratio of liquid to gas mass flow dimensionless 

  Volume liter 

    Number of transfer units dimensionless 

   partial pressure of component       

  
  

 equilibrium partial pressure of component       

  Mass flow 
  

  
 

   Reaction rate for reaction x 
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Term Description Units 

  Saturation ratio dimensionless 

  Temperature    

V Volume     

  Volumetric flow 
 

   
 

[xx] Concentration of component xx 
     

 
 

   Gas phase mole fraction of component   NA 

 

Subscripts   

a aerosol property NA 

drop droplet property NA 

  gas phase NA 

  condensing component NA 

  liquid phase NA 

  
absorber stage number 
in Aspen simulation 

NA 

Greek   

  density 
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Introduction 

 
Compared to conventional air fired boilers, oxy-fired boilers create less total SO2 and NOx 

compounds. But due to the decreased total volume of flue gas with the reduction of N2 in the 

combustion gas, the concentration of SO2 and NOx can be greater in the gas phase than in 

conventional boilers. For CO2 recovery for sequestration or enhanced oil recovery, the 

required levels of non-CO2 gases in the condensed CO2 stream may be <5%. To attain these 

levels of purity, the oxy-fuel produced flue gas must be treated to remove SO2 and NOx 

contaminants. A potential pitfall in attaining these high levels of purity is the effect of aerosol 

formation and the ability of aerosols to transport contaminants out of the absorption process 

as a liquid suspended in the gas phase.  

 

Aqueous aerosols are recognized as a potential problem in many washing and cleaning 

processes, including flue gas scrubbing as has been practiced commercially for many years. 

Aerosols can be expected to transport dust and absorption material out of the processes, and 

potentially into the downstream atmosphere or product. Traditionally, absorption processes 

were equipped with liquid-gas separation devices on the outlet, such as chevron baffles or mesh 

mist eliminators, with the expectation that these mechanisms would eliminate any significant 

loss of entrained liquids out of the discharge of the process.  

 

Some examples of problems encountered from the aerosol formation in absorption processes 

include:  

 

 High pH aerosols formed in flue gas desulfurization units that are not captured 

by existing mist eliminators and end up in a CO2 capture column further 

downstream. 

 

 High ammonium sulfate emissions downstream of an ammonia vapor scrubber, 

resulting in higher nitrogen emissions from the stack. 

 

 Unaccounted amine losses for CO2 capture systems caused by aerosols 

transporting dissolved amine into the water wash process or stack. 
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 Contaminated CO2 product streams caused by aerosols transporting absorbent 

with the CO2 product gas. 

 

But little data exists that quantifies the potential effect of aerosols on similar CO2 cleaning 

processes. 

 

This work focuses on the reduction of NOx compounds after initial desulfurization. Due to the 

relatively high temperatures, NOx compounds in the flue gas from oxy-fired boilers are mainly 

in the form of NO [1]. Depending on the mechanism for desulfurization of the flue gas, the 

primary species entering the NOx removal column may be either NO or NO2 [2]. 

 

Aerosols are not captured in the typical gas sampling and analysis equipment used for most 

environmental modeling and testing, and aerosols were therefore often ignored. However, more 

detailed testing using equipment specifically designed for capturing fine entrained liquids shows 

that aerosols are far too fine to be captured by traditional course separation devices. Particles in 

the 0.4 – 4    size range can hardly be removed by inertial separators [3]. Under certain 

conditions and processes aerosols can exist in concentrations high enough to cause significant 

escape of pollutants to the environment [4]. 
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1 Reaction and Kinetics 

1.1 Reaction Overview 

The reactions of primary interest for modeling NOx absorption by water in an oxygen 

containing atmosphere are listed below. See the notation section for descriptions of 

nomenclature [5]. 

 

            
 

          
 

                 
 

            
 

               
 

                   
 

                   
 

                   
 

 
Reactions take place primarily in the bulk gas phase and liquid film as shown graphically in 

Figure 1. 

 
 
 

 

 

Figure 1 - Summary of NOx liquid and gas phase reactions in water based absorption [6] 
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At lower liquid phase nitric acid concentrations (< 30%) the rate determining step is reaction 

R1 since     has roughly an order of magnitude better absorption than    [7]. 

 

Reaction 1 is assumed to be irreversible at temperatures below 3500C. The remaining gas 

phase reactions of    are essentially instantaneous, and absorption of products      

                    generally increases with increasing molecular weight [8].  

 

For absorption of the     gas, absorption is controlled by reactions of     with the bulk liquid, 

and gas side mass transfer resistance is generally considered to be insignificant. However, at 

high liquid phase nitric acid concentrations (>60%) the vapor pressure of       is significant. 

In that case, gas film reactions are more likely to occur, including direct reaction with NO from 

reaction R9 [7]. 

 

                  

 

NOx absorption is an important process for both nitric acid production and pollution control 

and has been extensively studied over the years. But published kinetic data for some 

reactions can vary widely between different sources. 

 

1.2 Reaction Data 

 

1.2.1 Reaction 1             

In an oxygenated gaseous environment, the reaction is 3rd order [8] when the partial pressure of 

NO>0.8 mm Hg. There are other published reaction rates, but they tend to be older data arrived 

at using higher NO concentrations [7]. 

 

             
(
   

 
)[  ] [  ] 

 

                     

 

                          

 

                    

(R9) 

(1)[8] 

(2)[9] 

(3)[10] 

(4)[11] 
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Although reaction 1 is reversible, most authors ignore the reverse reaction R10 at 

temperatures below 3600C. Equation 6 gives the rate expression for the reverse reaction. 

However, it can be removed from the simulation at low temperatures. 

 

            

 

                          [   ]
  

 

                     

 

A significant difference exists between heat of reaction listed in the literature, primarily from 

Thiemann [9], Suchak [10] and Patwardhan [11]. For consistency, data from Thiemann is 

presented in the remainder of this paper when data from that author is available, along with heat 

of reaction calculated from heat of formation data in Perry’s Handbook [12]. 

 

1.2.2 Reaction 2           

       

                   

    
 

 

                     

 

                             

 

1.2.3 Reaction 3                  

 

                   
    
     (

 

  
) 

 

                        

 

(R10) 

(6)[13] 
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(9)[9] 

(12)[10] 

(8)[13] 

(11)[14] 
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(7)[12] 

(10)[12]  
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Due to low solubility of NO in water, reaction R3 is expected to take place primarily in the humid 

gas phase or the gas film layer. However, Siddiqi also reported the water phase reaction rate 

as: 

 

                 [   ][  ] 

 

1.2.4 Reaction 4             

 

            ([  ][   ]  
[    ]

(          
(
    

 
)
)    

) 

   

                    

   
 

 

                

 

                             

 

1.2.5 Reaction 5                

 

              [    ] 

 

                        

 

                             

 

Although no temperature dependence was found for the reaction rate constant, the creation of 

     is the rate controlling step, so this reaction is particularly insensitive to the reaction rate.   

 

(14)[15] 

(17)[9] 

(15)[2]  

(19)[18] 

(20)[10] 

(16)[13] 

(13)[12]  

(18)[12] 

(21)[12] 
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1.2.6 Reaction 6                    

 

   (  
(
     

 
        )

) [    ] 

 

                  

 

                            

 

  

1.2.7 Reaction 7                    

Reaction 7 is considered a vapor phase or film reaction by some authors and liquid phase by 

others. 

 

England [19] determined that reaction 7 was the overall reaction that resulted in HNO3 in the 

vapor phase, with the rate described by equation 25. The reaction can form nitric acid in mist 

form, which can either be further absorbed by the liquid phase or transported out of the 

absorber in the gas phase. The reaction rate is dependent on both NO2 concentration and gas 

phase relative humidity.  

 

   [    [   ]
 [   ]     [    ][    ]] 

 

           
    

   

 

            
    
   

 

The liquid phase reaction is limited by the absorption rate of NO2, suggesting the importance of 

accurate Henry’s law coefficients for NO2. 

 

            [   ]
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(26) 

(27) 

(28)[18] 

(29)[10] 

(24)[12] 
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1.2.8 Reaction 8                    
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[    ]
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(32)[9] 

(31)[9] 

(30)[12] 

(33)[12] 



7 
 

2 Aspen Simulation 

The reaction data in Chapter 1 was used to build a working model of NOx absorption in Aspen 

Plus. Aspen was selected because it is one of the most commonly used simulation tools in 

industry and it is robust enough to be used in field applications to predict operating performance 

based on actual operating data. The following sections detail the parameters and methods used 

to produce the simulation. 

 

2.1 Diffusion Coefficients 

In the liquid phase in electrolyte solutions, the Nernst-Hartley equation can be used to estimate 

effective diffusion coefficients in dilute solutions [20]. Kenig [20] suggests that gas diffusion 

coefficients for NOx absorption can be accurately predicted using the Chapman-Enskog-Wilke-

Lee model, which is available in Aspen. However, Aspen suggests that this model is primarily 

applicable for low pressure gases, so the Dawson-Khoury-Kobayashi model was used.  

 

2.2 Henry’s Law Constants  

Henry’s constants are taken from a compilation by Sanders [22] with T0 = 298.15 oK. 

Considerable variation exists among published data for some species. Published values of 

Henry’s constant follow: 
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)
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(34) 
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(36) 

(37) 

(38) 

(39) 
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(
     

 
)
 

 

   
            

(
     

 
)
 

 

   
            

(
     

 
)
 

 

2.3 Heat of Formation 

The following heats of formation numbers were readily available in the literature (298.15 0K, 1 

atm) [12].  

 

Compound Hf   cal/mole 

NO2 (g) 7960 

N2O3 (g) 20010 

N2O4 (g) 2230 

HNO2 (l) -11670 

HNO3 (l) -31990 

 

Table 1 – Heat of formation data of selected compounds from Perry 

  

(40) 

(41) 

(42) 
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2.4 Simulation Components 

 

Formula Common Name Henry’s Component  

CO2 CARBON DIOXIDE X  

CO CARBON MONOXIDE X  

H2O WATER   

O2 OXYGEN X  

AR ARGON X  

N2 NITROGEN X  

SO2 SULFUR-DIOXIDE X  

SO3 SULFUR-TRIOXIDE X  

HCL HYDROGEN-CHLORIDE X  

NO NITRIC-OXIDE X  

HNO3 NITRIC-ACID X  

HNO2 NITROUS-ACID X  

H2SO4 SULFURIC-ACID   

N2O3 NITROGEN-TRIOXIDE X  

N2O4 NITROGEN-TETROXIDE X  

NO2 NITROGEN-DIOXIDE X  

N2O NITROUS-OXIDE X  

    

Table 2 – Compounds modeled as Henry’s law components in Aspen simulation  

 

2.5 Property Methods and Parameters 

ELECNRTL was used as the Aspen property method. ELECNRTL is a versatile property 

method suitable for both high and low concentrations up to medium pressures. It allows the use 

of Henry’s law coefficients for modeling solubility.  

 

Other model specifications are shown in Tables 3 to 4b. No parameters are estimated by 

Aspen.  
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Table 3 – Aspen global property specifications 

 

When available Aspen calculated Henry’s law constants were replaced with user entered values 

taken from published literature listed in equation 34 - 42. Table 4 lists the Henry’s law constants 

used for all Henry’s components listed in Table 2, including the Aspen source when published 

sources were not available. Henry’s constants for N2O4 were not available in the literature or 

Aspen so the coefficients for N2O3 were used.  
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Table 4a – Henry’s law constant values used in Aspen simulation, including both literature 

(equation 34-42) and Aspen generated values 

 

 

Table 4b – Henry’s law constant values used in Aspen simulation, including both literature 

(equation 34-42) and Aspen generated values 
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Heat of formation numbers available in the literature (Table 1) were adjusted in Aspen 

Properties-Pure Components-Review1-DHFORM. 

 

Aspen vapor pressure for HNO2 was not available in Aspen property parameter PLXANT-1. 

The Aspen calculated values for HNO3 were duplicated for HNO2.  

 

2.6 RadFrac Parameters 

A simple Aspen RadFrac block was constructed as shown in Figure 2 to model an NOx 

absorption column. 

 

 

Figure 2 – Aspen Plus RadFrac block 

 

The absorber was modeled with 35 stages, with gas in and liquid out at stage 35, liquid in and 

gas out at stage 1. Simulation pressure was 34.7 atm with no pressure drop across the column 

calculated.  

 

2.7 Column Specifications 

Figures 3 - 5 show the packing specifications and related estimation and calculation methods 

used.  
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Figure 3 – Column packing specification 

 

Figure 4 – RadFrac rate-based calculation parameters 
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Figure 5 – RadFrac mass transfer calculation methods 

 
 

2.8 Reaction Kinetics 

The reactions and kinetic parameters shown in Table 5 were included in the RadFrac reaction 

set R-1.  All reactions are specified to take place in column sections 2 to 34. 

 

Liquid holdup is specified as 1 m3 in each column section. Vapor residence time is specified at 

0.47 sec in all sections. Vapor holdup and liquid residence times were not specified. 
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Reaction 
# 

Reaction Type k or Keq E (J/kmol) phase Ci basis Stoichiometry  
(exponents) 

1             kinetic 1.2 x 10
3
 -4406 vapor molarity [NO]

2
[O2]

1
 

2           equilibrium A=11.2348 NA vapor molarity NA 

3                  equilibrium 
A=-27.0158, 
B=4723 

NA vapor 
partial 
pres. 

NA 

4             kinetic 2.3248 x 10
-12

 3.69857 x 10
7
 vapor molarity [N2O3]

1
 

5             kinetic 4.75 x 10
12

 0 vapor molarity [NO]
1
[NO2]

1
 

6                kinetic 1.6997 x 10
4
 0 liquid molarity [N2O3]

1
[H2O]

0
 

7                    kinetic 2.1953 x 10
16

 7.67415 x 10
7
 liquid molarity [N2O4]

1
[H2O]

0
 

8                    kinetic 4.6991 x 10
7
 0 liquid molarity [NO2]

2
[H2O]

0
 

9                    kinetic 1.1 x 10
5
 4.0947 x 10

6
 vapor molarity [NO2]

2
[H2O]

1
 

10                     kinetic 1.17 x 10
4
 4.0947 x 10

6
 vapor molarity [HNO3]

1
[HNO4]

1
 

11                    kinetic 2.2394 x 10
22

 1.007989 x 10
8
 liquid molarity [HNO2]

4
[NO]

-2
 

12             kinetic 9.6592 x 10
11

 1.8607 x 10
8
 vapor molarity [NO2]

2
 

13                  kinetic 5.41 x 10
6
 0 liquid molarity [NO]

1
[NO2]1[H2O]

0
 

Table 5 - Reaction kinetic specifications in Aspen Plus
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2.9 Inlet Specifications 

Modeled flue gas flow was 292,107 kg/hr = 66.5 m3/min. Inlet conditions for both liquid and 

vapor phases for the base simulation was 34.7 atm and 13oC. 

 

Inlet gas composition for the base model is shown in Table 6. The inlet gas composition was 

based on estimated inlet gas composition entering an NOx absorption stage in an oxy-fired 

boiler after Lead Chamber Process SOx absorption. Therefore, the feed stream contains 

primarily CO2 and N2, with minimal contamination by sulfur compounds. No sulfur compound 

reactions were included in the reaction set.   

 

For the base simulation, liquid flow was assumed to be constant at 1.0 Liquid/Gas mass ratio 

and composed of a 40 mole percent nitric acid solution. 

 

Table 6 - Inlet Feed gas composition 
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2.10 Convergence 

Aspen default convergence parameters were used, except rate-based convergence tolerance 

was increased to 1 x 10-4. 

 

2.11 Validation of Simulator 

Figure 7 shows the NOx concentration profile through the absorber column. At initial conditions, 

NOx removal is 81.79% mol. 

Figure 6 – NOx concentration column profile for base case 

 

Loutet et al. [23] constructed and validated a simulation on an existing commercial NOx 

absorption tower used for the production of nitric acid. Their simulation was designed with a two 

stage absorber with concentrated acid circulating in the bottom section and pure demineralized 

water in the upper absorption section. In addition, the Loutet simulation was at considerably 

lower pressure, higher temperatures, much lower CO2 content and much higher NOx content.  

 

An attempt was made to run the base simulation at conditions as similar as possible to 

conditions presented by Loutet for the upper absorption section. The base simulation did not 

converge well at the Loutet conditions, which is not surprising considering completely different 
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column sizing, flow rates, gas composition, etc. However, the base simulation at the same gas 

NOx concentration, pure water feed and inlet temperatures produced similar results as shown in 

Figure 7. Inlet and outlet NOx concentrations are nearly identical to measured industrial data 

presented by Loutet. The more rapid initial absorption in the base simulation compared to Loutet 

is likely due to faster reaction of NO in the gas phase (reaction R1) with high O2 content and 

increased solubility of gasses at higher pressure.  

 

 

 

 

Figure 7 – Base simulation compared to simulation and measured data by Loutet et al. 

 

2.12 Sensitivity Analysis 

Considerable difference exists in the kinetic parameters presented in the literature. To 

investigate the sensitivity of the model to these parameters, the kinetic parameters (k or Keq) 

were varied as shown in Table 7.  
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Reaction # -10% k or Keq +10% 

1 1.0800E+03 1.2000E+03 1.3200E+03 

2 1.0111E+01 1.1235E+01 1.2358E+01 

3 -2.9717E+01 -2.7016E+01 -2.4314E+01 

4 2.0923E-12 2.3248E-12 2.5573E-12 

5 4.2750E+12 4.7500E+12 5.2250E+12 

6 1.5297E+04 1.6997E+04 1.8697E+04 

7 1.9800E+13 2.1953E+13 2.4148E+13 

8 4.2292E+07 4.6991E+07 5.1690E+07 

9 9.9000E+04 1.1000E+05 1.2100E+05 

10 1.1139E+04* 1.1700E+04 1.2870E+04 

11 2.1722E+22* 2.2394E+22 2.4633E+22 

12 1.4688E+09 1.6320E+09 1.7952E+09 

13 4.8690E+06 5.4100E+06 5.5723E+06* 

 

* simulator unstable - adjustment changed to 3% for these parameters 

 

Table 7 – Kinetic constants and equilibrium coefficients used for sensitivity analysis 

 

Results of the sensitivity analysis are shown in Table 8. Indicated values are the amount of 

change of % NO capture vs. the base case simulation. The results clearly show that the most 

critical parameters are reaction R1, the gas phase reaction of NO2 with oxygen to produce NO, 

and the reaction of NO and NO2 with H2O in the gas phase.  
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Reaction # -10 % +10 % 

R1 -1.4952 1.2725 

R2 0.0001 -0.0001 

R3 -5.3132 0.7223 

R4 0.0000 0.0000 

R5 -0.0001 0.0001 

R6 0.0002 -0.0002 

R7 0.0000 0.0000 

R8 0.0000 0.0000 

R9 0.0000 0.0000 

R10 0.0000 0.0000 

R11 0.0054 -0.0162 

R12 0.0000 0.0000 

R13 0.0000 0.0000 

 

Table 8 – Simulation sensitivity to changes in kinetic parameters. Values indicate the change in 
% NO removal with -10 % and +10 % change in kinetic parameters for each reaction 
 

 

  



21 
 

3 Formation of Aerosols 

3.1 Definition of Aerosols 

Schaber [24] describes aerosols as “suspensions of particles and gasses which can be 

considered as stable systems in a gravitational field within a certain space of time”. That is, 

particles which at least for the short term do not fall by gravity, or that transport through the gas 

through some other attraction mechanism, qualify as aerosols. Examples are smoke and fog, 

kept aloft by Brownian motion or air currents. Rain clearly does not qualify. If the particles are 

solid, the aerosol is referred to as a smoke or fume [25,26]. Fog, which is most important in 

absorption processes, is more specifically described as a suspension of liquid droplets in gas 

[27]. 

 

In addition, aerosols can be classified by size. The most often cited range for aerosols is 0.01 - 

10    diameter [25]. Aerosol size depends on the composition and formation mechanism, and 

can vary widely from process to process as indicated in Table 9 [25,28]. 

 

Aerosol Size (m) 

Clouds and fog >2 

Hydrochloric acid mist 1 - 3 

Sulfuric acid mist 0.3 - 1.5 

Ammonium chloride fume 0.05 - 1 

Aitken nuclei (atmospheric condensation nuclei)  0.005 - 0.3 

 

 Table 9 – Typical particle size of aerosols 

 

3.2 Formation Mechanisms 

Aerosol formation only occurs if the gas is supersaturated. Supersaturation is defined as that 

point in which the volume of condensable components in the gas phase exceeds the equilibrium 

composition.  

 

Saturation can be quantified by the saturation ratio S defined as the ratio of the partial pressure 

of all condensing components to the equilibrium partial pressure [25,31]: 

 



22 
 

  
∑        

∑  
  

      
   

 

where 

 

         condensing component 

        partial pressure of component   

  
  

   equilibrium partial pressure of component   

 

The calculation is limited to only those components that can condense at the stated conditions. 

 

Supersaturation of the gas phase, that is S > 1, can occur by several different mechanisms [19]: 

 

1. Chemical reactions in the gas phase followed by desublimation of the 

generated substances. An example is ammonium chloride salts formed in gas 

containing hydrogen chloride and ammonia. The resulting aerosols can be 

referred to as reaction aerosols [3].  

 

2. Simultaneous heat and mass transfer that result in a crossing of the dew point 

line. Resulting aerosols are referred to as condensation aerosols.  

 

Reaction aerosols can generally be avoided by adjusting process parameters such as reactant 

concentration or pH. For industrial absorption and gas cleaning processes, condensation 

aerosols are of primary interest. 

 

In the supersaturated environment molecules must initially form molecular clusters before they 

can begin to form aerosols. This nucleation has two distinct mechanisms: 

 

1. Homogeneous nucleation. Generally, homogeneous nucleation occurs at high 

partial pressures of the condensing constituents.  

 

2. Heterogeneous nucleation. Occurs where the condensing component forms 

around pre-existing particles (nuclei). In flue gas streams, this is usually fine 

ash particles consisting mostly of carbon, which remain after the bulk ash 

(43) 
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removal processes. Farther downstream in the cleaning processes, additional 

solid chemical constituents such as gypsum particles from the desulfurization 

units may exist. 

 

If particulate is added to a supersaturated system where homogeneous nucleation can or has 

formed then both homogeneous and heterogeneous aerosols mechanisms can occur in the 

same process. For example, Shabunya [3] reported on a system with high partial pressures of 

condensing components where the concentration of aerosol particles exceeded the initial 

concentration of nuclei entering. In the absorption of acid gasses in flue gas cleaning, only SO2 

and H2SO4 absorption are likely to have the high saturation levels necessary for homogeneous 

nucleation. For other acid gasses, such as HNO3, heterogeneous nucleation will dominate [31].  

 

Fletcher [32] reported that the size of particles can influence the rate of nucleation. Below 

        size plays a critical role in the nucleation rate. However, above         nucleation rate 

is essentially independent of size. For treated flue gasses, the bulk of particles range from 0.35 

– 30    [33]. For ultrafine particles that can be expected to pass through conventional ash 

removal systems and reach downstream absorption cleaning processes, particle size range is 

from 0.03 – 0.1    [34]. So it is fairly safe to assume that aerosol nucleation process in flue gas 

is not appreciably affected by particle size.  

 

After the onset of heterogeneous nucleation, particle formation rates decrease rapidly as seen 

in Figure 8, as the level of supersaturation decreases with particle growth [24]. 
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Figure 8 – Humidification of cold air by hot water: nucleation rate (J) vs. Number of Transfer 
Units (NTU) according to classical theory [30] 
 

But supersaturation of a gas alone is not sufficient. The saturation ratio S must also exceed a 

critical value       [27] where        . When S meets or exceeds       phase transition from gas 

to liquid can occur using one of the nucleation mechanisms described above. The value of       

depends on the nucleation mechanism [27,24].  

 

Homogeneous nucleation occurs at higher saturation ratios S = 2 - 5 [3,25]. Heterogeneous 

nucleation occurs at much lower saturation ratios             [    ]. Schaber [35] uses a 

constant value of            for modeling flue gas cleaning processes for all nuclei 

concentrations (CN) in the typical range of boiler fly ash where            particles/cm3. 

  

With substances contained in common flue gases and typical scrubbing processes, high 

saturation ratios are not possible [3] and heterogeneous nucleation is the dominant pathway. In 

addition, when aerosols grow, nucleation and aerosol growth continues until S drops below 

     . At this point, the nucleation process stops and the concentration of particles per volume of 

gas    remains constant [3]. In flue gasses, the introduction of particles in the early stages of 

absorption rapidly decreases the saturation levels, reducing the future chance of additional 

homogeneous nucleation [27] as shown in Figure 9.  
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Figure 9 – Calculated saturation profiles for different number concentration of nucleation kernels 
clearly showing the decrease in saturation with the rapid onset of heterogeneous nucleation. 

       is the number of transfer units in the modeled HCL absorber, representing increasing 
transfer area i.e. further down the gas path in the absorption column [31]. 
 

3.3 Particle Growth 

Once initial nucleation takes place, particles continue to grow by condensation of condensable 

species in the gas phase and by collisions with other particles. If the total concentration of 

particles is sufficiently small, collision growth is rare and can be safely ignored [24,27].  

 

In flue gas absorption water vapor is the major condensable constituent in the vapor phase, so 

particle growth is predominately due to the condensation of water vapor. The water droplets can 

be assumed to be in equilibrium with the surrounding gas phase. 

 

In the gas phase, fine aerosol particles follow the gas path at the same velocity as the bulk gas. 

Absorption or deposition of the aerosol particles back into the liquid phase can be ignored as 

typical absorbers have little effect on extremely light particles [24].  
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After the onset of heterogeneous nucleation, particle formation rates decrease rapidly as seen 

in Figure 8 as the level of supersaturation decreases with particle growth. For packed columns, 

particle formation can occur in the first 3 – 10 seconds [24]. The composition of the particles may 

continue to change as the established particles reach equilibrium with the surrounding gas 

stream.  

 

The higher the concentration of droplets the smaller the diameter of the droplets as shown in 

Figure 10. This arises from the fact that droplet size can increase only until saturation     is 

reached. A finite amount of vapor is available between       and S=1. 

 

 

Figure 10 – Calculated droplet diameter in the quench for different concentrations of nucleation 
kernels [31] 

 

 

3.4 Characterization of Particulate Nuclei 

With nuclei concentration playing such an important part in the formation of aerosols in 

absorption processes, quantifying the concentration of particulate entering the process is 

essential to predicting aerosols and their effect on absorption. 
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Much research has been done on boiler particulate because of its effect on atmospheric 

aerosol formation. A typical electrical generation coal fired boiler configuration is shown in 

Figure 11. Ash from boilers typically has a bimodal size distribution as shown in Figure 12, with 

the bulk of the mass in the > 1    diameter size range.  

 

Figure 11 – A typical coal fired power station [36] 
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Figure 12– Summary of differential size distribution at the outlets of six coal fired utility boilers of 

various capacities and firing methods [37] 

 
 
After the boiler, the flue gas enters some type of bulk ash removal system, most often an ESP 

(Electrostatic Precipitator) or filter baghouse. Gladney [34] reports that 96% of the boiler ash is 

removed in the bulk ash removal processes. These processes are most efficient at removing the 

larger and heavier particles while many of the sub-micron diameter particles pass through [38]. 

The result is a substantially reduced ash load more heavily distributed to particles < 5    

diameter size as shown in Figure 13. But most ultrafine particles pass through the bulk removal 

processes [38]. For the purpose of this investigation, 10% removal of ultrafine particles is 

assumed for the bulk removal processes.  
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Figure 13 – Particle size distribution after ESP (electrostatic precipitator). Based on data from 

Gladney [34]. 

 

After bulk ash removal nearly all modern electrical generation boilers have additional scrubbing 

for the reduction of SO2 gas. These are most often aqueous absorption systems, the most 

common being Wet Flue Gas Desulfurization (WFGD) systems using alkaline slurries or 

ammonia solutions in a spray tower. WFGD removes a significant amount of particulate, 

reported by Meij [36] and Wang [39] at 80% and 74.6%, respectively. Like the bulk ash systems, 

WFGD also tend to be more efficient at removing larger particles. In addition, fine particles of 

sorbent may be added to the flue gas stream as a result of the absorption process as shown in 

Table 10. Yan [40] reported that in ammonia based FGD processes, total emitted particulate may 

actually increase out of the WFGD.  

 

Source Fly ash Limestone Gypsum 

Meij [36] 40 50 10 

Wang [39] 45 47.5 7.9 

 

Table 10 – Composition of particulate (%w) after WFGD 
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With few oxy-fired boilers in commercial operation, less data is available to determine typical 

particle compositions out of the boiler and into subsequent gas cleaning operations. Morris [33] 

compared the production of soot and unburned carbon ash particles in conventional and oxy-

fired coal boilers. Results (Figure 14) show approximately 70% reduction in fly ash produced by 

oxy-fired boiler (~2.5% O2 concentration in flue gas) compared with conventional boilers (~1% 

O2 in flue gas). 

 

 

Figure 14 – Ultrafine (0.1 – 1   ) particulate concentration in flue gas vs. flue gas O2 

concentration on Utah coal. Data extracted from Morris [33] 

 

 

To estimate aerosol formation from heterogeneous nucleation, the concentration of nuclei must 

be known. The optimum source of information for accurate prediction of aerosols in a live 

industrial process is actual measurement of particles feeding the absorption unit. However, 

these measurements can be difficult and costly to obtain. In live processes, the measurements 

can be complicated by moisture content and formed aerosols already present in the gas stream. 

 

For the purpose of this investigation to estimate potential existence and effects of aerosols on 

GPU (gas processing unit) absorption, an estimate on nuclei size and concentration was 

needed based on available data. The method below summarizes the straight forward calculation 

method. This process can be modified with actual process data when it is available. 
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Required data is particle size, particle concentration, removal efficiency of any intermediate 

processes and density of the particulate. Table 11 list data used and Table 12 lists the resulting 

particle concentrations used after straightforward calculations.  

 

Source Property Value Units 

Moris [33] Oxy boiler exit particulate 

concentration 

0.000816     ⁄  

Gladney [34] Ash removal in bulk ash system 96           

Wang [39] Ash removal in WFGD 74,5           

Andriano [38] Ash density 2.7     ⁄  

Meij [36] Remaining fine ash particle size 0.55             

 

Table 11 – Data used for calculation of nuclei to GPU NOx absorption process 

 

 

Property Value Units 

Particle mass exiting WFGD                 ⁄  

Volume of individual particle (assuming 

spherical shape) 

               

Particle concentration entering GPU                      ⁄  

Particle concentration entering NOx 

absorption process  

                      ⁄  

 

Table 12 – Calculated particle properties. Particle concentration entering GPU is estimated as 

the low end concentration expected with removal by bulk removal processes and WFGD. 

Particle concentration entering NOx absorption process assumes an additional stage of 

particulate removal through a GPU lead chamber absorber with the same particulate removal 

efficiency as a WFGD. This is considered the low end of the concentration range expected. 

 

 

The particulate entering the GPU could be expected to form aerosols in the initial SO2 

absorption stage if sufficiently saturated conditions are present. However, if aerosol formation 

does not take place, the particulate would be expected to pass through the initial absorber 

unscathed with the gas flow to the following process. 

 

Two potential scenarios can then be considered for estimation of the effect of aerosols: 
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1. Aerosols formed in a previous absorption process reach the NOx process in 

aerosol form. These particles would reach equilibrium with the NOx process 

gas. 

 

2. Particulate directly from the boiler ash cleaning processes reaches the NOx 

absorber in particulate form. This particulate would then be nuclei for formation 

of aerosols provided favorable conditions exist. This may be representative of 

both GPU SO2 and NOx absorption processes and may also apply to other wet 

absorption processes such as amine or ammonia CO2 removal.  

 
 

3.5 Modeling and Prediction 

3.5.1 Saturation Ratio 

The most important parameter to determine the potential for aerosol formation is the saturation 

ratio S defined in equation 43, because nucleation cannot occur unless         . 

 

In Aspen, the RadFrac block can be run in either equilibrium or rate-based mode. The NOx 

reactions are exothermic. In an actual process, the absorption column is not likely to be sized so 

generously that it is in full equilibrium condition. More likely, the gas liquid interface could be 

considered in equilibrium, while the bulk gas phase would be expected to be in some 

transitional state between the current stage and the previous stage. In order to simulate the 

thermal gradient between the gas and liquid throughout the column the RadFrac block must be 

in rate-based mode. 

 

An initial calculation of S for water vapor on each stage n was completed using Aspen data per 

Equation 44: 

 

  
                                   

                                             

 

 

 

It is important that the proper temperatures be taken from the Aspen model for use in the 

calculation. In Figure 15 below, the gas flowing to stage n is at gas temperature      
 and partial 

pressure composition of      
. This gas is contacting liquid at temperature    . The interface 

(44)  
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temperature rapidly reaches the temperature of the bulk liquid phase. Aspen predicts the bulk 

liquid temperature as being virtually indistinguishable from the interface temperature in this 

model. 

 

 

Figure 15 – Gas and liquid temperature interactions in one stage of packed absorber column 

 

If you assume that heat transfer at the interface takes place faster than the reactions and mass 

transfer in the bulk gas, then it is reasonable to assume that stage n is near the concentration of 

the previous gas stage, so the gas experiences first a change in temperature to the interface 

temperature, but at the higher concentration of the previous stage, i.e. 

 

     
 

                                                   
                

 

                   

So equation 43 can be rearranged using Aspen data to:       

 

                         

  
∑     (          )

∑   

  
(      )

 (45)  

p
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A comparison of the two calculation methods is shown in Figure 16. While the difference is 

small in the base simulation case, the difference can be significant under other conditions where 

the temperature gradient between vapor and liquid entering a stage is greater.  

 

 

Figure 16 – Comparison of different equation methods to model saturation ratios. 

           

3.5.2 Particle Size 

 

Growth by condensation is the predominant mechanism of particle enlargement after nucleation 

and is strongly influenced by the number of nuclei in the gas [24]. To calculate the growth of 

droplets, Körber and Schaber [27] used a two-step process: 

 

1. Describe time dependent changes in radius, concentration and temperature 

using volume, mass and energy balance on a single droplet 

 

2. Solve transport equations in the vapor phase for heat and mass to the droplet. 
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The process is computationally intensive and not easily applicable in a process environment. 

However, simulations performed by Ehrlig [31] and Schaber [42] show a general trend of particle 

size vs. nuclei concentration under various process conditions. It is assumed that the particles 

reach their maximum steady-state size under saturated conditions.  Under actual process 

conditions, the time or saturation ratio may not be adequate to achieve this size, so this 

represents the worst case scenario. Using this data plotted in Figure 17, particle size can be 

estimated using the equation: 

 

 

Droplet diameter d (m) = -0.3099 ln(Cn) + 6.1226   

 
Figure 17 – Maximum particle size vs. nuclei concentration from data extracted from Ehrlig and 

Schaber [31,42] 
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4 Simulating Aerosol Effects on NOx Absorption 

 

Figure 18 shows the overall simplified method used to estimate aerosol effects: 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 18 – Flowsheet of calculation process for aerosols effect 
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known, else use 0.000816 g/m3  

Enter ultrafine (0.1 – 1 𝜇𝑚) particle concentration at this point, if 
known, else assume 10% removal in bulk removal processes. 

Enter ultrafine (0.1 – 1 𝜇𝑚) particle concentration at this point, if 
known, else assume 74.5% removal WFGD or similar absorption 

processes. 

Enter ultrafine (0.1 – 1 𝜇𝑚) particle concentration and size, if 
known, else assume 74.5% removal in GPU initial stages and 

0.55 size  

Calculate saturation ratio profile using equation 45 and determine 
column saturation ratio profile. Assume aerosol formation at 

locations where S > 1.02. 

Calculate droplet size using equation 46. 

Estimate concentration in aerosols produced to be in equilibrium 
with gas phase at point of discharge 
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4.1 Effect of Absorption Variables on Saturation Ratio and NOx Removal 

To this point, the saturation ratio S was determined only for the base absorption case. To 

determine the potential range of saturation conditions for the modeled absorber, an analysis 

was performed to test the effect of varying gas and liquid inlet temperature and flow rates on 

saturation ratio. 

 

Saturation ratios were determined for each case using equation 45.  

 

4.1.1 Inlet Gas Temperature 

Inlet gas temperature was varied from 7 to 19 0C at constant liquid inlet temperature of 13 0C 

and constant gas and liquid flow of 292,107 kg/hr (1.0 L/G). Results are shown in Figure 19 – 

22. 

 

NOx removal was little affected by inlet gas temperature (Figure 19). Column temperature is 

highly dependent on the bulk liquid temperature and only affected by gas temperature in the 

lower stages near the gas inlet as shown in Figure 20 and 21. With Henry’s constants 

dependent on liquid temperature, absorption of NOx would not be significantly affected by the 

gas phase, although the gas phase reaction rate would. 

 

Saturation Ratio (Figure 22) remains well below            for the entire column except stage 

1 where the hot gas contacts the colder liquid inlet flow.  
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Figure 19 - NOx % removal vs. inlet gas temperature 

 

Figure 20 - Column temperature profile – 7 oC gas inlet temperature 
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Figure 21 - Column temperature profile – 19 oC gas inlet temperature 

 

Figure 22 – Effect of inlet gas temperature on saturation ratio 
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4.1.2 Inlet Liquid Temperature 

 

Varying liquid inlet temperature had a significant effect on column temperature profile, 

absorption rate and saturation ratio. Liquid temperature was varied from 5 to 19 0C at constant 

gas inlet temperature of 13 0C and constant gas and liquid flow of 292,107 kg/hr (1.0 L/G). 

Results are shown in Figures 23 - 26. 

 

NOx removal increases with decreasing gas temperature as seen in Figure 23 as a result of 

better absorption of NOx components at lower temperatures and an increase in rate of reaction 

1. It is worth noting the significant change in column temperature between the low temperature 

and high temperature case shown in Figures 24 - 25.  

 

Figure 26 shows the effect on saturation ratio. As liquid temperature decreases, the saturation 

ratio at the gas inlet increases as the colder liquid contacts the hot column gas. However, the 

increase in saturation ratio at the top of the column from a maximum of S = 1.16 in the high 

temperature case to S = 1.30 for low temperature is not really that important, since any 

saturation ratio over         will produce significant and almost instantaneous aerosol.  

 

Of more interest is the increase in saturation ratio at the bottom gas inlet of the column as inlet 

liquid temperature decreases. At liquid temperatures of 5 and 7 0C, the gas inlet stages also 

exceeds      . This means that aerosols will form at the bottom of the column and proceed 

upwards through the entire column, likely reaching equilibrium saturation with the NOx pollutants 

during their journey.  
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Figure 23 - NOx % removal vs. inlet gas temperature 

 

Figure 24 - Column temperature profile – 7 oC liquid inlet temperature 
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Figure 25 - Column temperature profile – 19 oC liquid inlet temperature 

 
 

 

Figure 26 – Effect of liquid inlet temperature on saturation ratio 
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4.1.3 Inlet Gas Flow 

 

Inlet gas flow was varied ±20% over the base flow of 292,107 kg/hr. Not surprisingly, NOx 

removal increases at lower gas flow since both the rate based conversion of NO to NO2 and 

absorption will increase with increased column residence time. Column temperature profile was 

virtually unchanged by gas flow rates. Saturation ratio is likewise unchanged as shown in Figure 

29. 

 

 

Figure 27 - NOx % removal vs. inlet gas flow 
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Figure 28a - Column temperature profile comparison at +20% gas flow 

 

 

Figure 28b - Column temperature profile comparison at -20% gas flow 
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Figure 29 – Effect of gas flow rate on saturation ratio 

 

4.1.4 Inlet Liquid Flow 

 

Inlet gas flow was varied -20% to +15% over the base flow of 292,107 kg/hr. The simulation was 

not stable at liquid flows over +15%, probably due to flooding conditions of the packing. Similar 

to changes in gas flow, changes in liquid flow resulted in marginal changes in NOx removal rate, 

and had little effect on column temperature profile or saturation ratio. 
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Figure 30 - NOx % removal vs. inlet liquid flow 

 

Figure 31a - Column temperature profile comparison at +15% liquid flow 
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Figure 31b - Column temperature profile comparison at -20% liquid flow  

 

Figure 32 – Effect of liquid flow rate on saturation ratio 
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4.1.5 Liquid/Gas Temperature 

 

Various combinations of liquid and gas temperature were tested to determine the range of 

saturation conditions that could be simulated. The following temperature combinations were 

tested: 

 

Inlet Gas/Liquid Temperature (
0
C) 

21 / 3 

19 / 5 

17 / 7 

15 / 9 

13 / 11 

11 / 13 

9 / 15 

7 / 17 

5 / 19 

 

 

Table 13 – Simulated liquid / gas inlet temperature combinations 

 

 

Percent NOx removal varied significantly over this range, with lower liquid temperature clearly 

favoring improved removal as shown in Figure 33. 
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Figure 33 - % NOx removal vs. various inlet gas and liquid temperature 

 

Column temperature profiles were significantly different at the extremes as shown in Figure 34 – 

35. But the most significant result was the effect on saturation ratio. At high gas and low liquid 

temperatures, saturation ratio was above       in the bottom seven stages of the absorber. In 

the presence of heterogeneous nuclei, fully developed aerosols would form at the early stages 

in the column. 

 

Although not modeled in this study, a similar effect would be expected if the absorber column 

had intermediate cooling of the liquid flow as is common for absorbers of this type.  
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Figure 34 - Column temperature profile at 21/3 oC gas/liquid inlet temperature 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 35 - Column temperature profile at 5/19 oC gas/liquid Inlet temperature 
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Figure 36 – Effect of gas and liquid temperatures on saturation ratio 

 
 

4.1.6 System Pressure 

 

Figure 37 & 38 show the effect of varying system pressure on percent NOx removal and 

saturation ratio. Lower pressure tends to increase the saturation ratio, although the change over 

the pressures tested did not significantly change the portion of the column over        .  Percent 

NOx removal increases with increasing operating pressure. 
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Figure 37 - % NOx removal vs. system pressure 

 

Figure 38 – Effect of system pressure on saturation ratio 
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5 Aerosol Effects 

5.1 Availability of Condensable Vapor 

 

The highlighted area of Figure 39 shows the areas where saturation ratio exceeds           . 

While aerosol size depends largely on the nuclei concentration Cn, the size can also be affected 

if there is a limited amount of condensable vapor. For the maximum case shown in Figure 39, 

the condensable mass was calculated using the simulated gas mole fractions, mole flow, and 

calculated equilibrium mole fraction of water. The condensable vapor was assumed to be the 

mass of water vapor available to bring the saturation ratio from Sn to Scrit. 

 

Figure 39 – Highlighted area on column saturation ratio profile showing areas where        . 

 

 

In the worst case scenario, total vapor available for condensation is shown in Table 14. For the 

base case, only the 1st stage exceeded       as shown in Figure 39. However, even for this 

single stage, 12.49 kg/hr H2O is available for condensation. 
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Mass available for 

aerosol formation 

Stage kg/hr H2O 

1 7.56 

30 0.08 

31 0.87 

32 2.09 

33 4.11 

34 7.71 

35 3.73 

Total 26.14 

 

 

Table 14 – Total water available for aerosol condensation above        at 21 0C gas inlet and 3 
0C liquid inlet temperatures.  

 

5.2 Range of Estimated Aerosols  

 

As reported above in Table 11 an estimate of aerosol nuclei characterization from an oxy fired 

boiler is                             ⁄   with an average diameter DN = 0.55 μm.  

 

Droplet diameter ddrop can be estimated using Equation 46, with total liquid volume in a droplet 

Vdrop calculated from equation 47 

 

 

       
 

 
 [(

     

 
)
 

 (
  

 
)
 
] 

 

 

and total mass of aerosol Qa formed equal to: 

 

 

                     

 

 

(47) 

(48) 
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Over a range of particle concentrations, aerosols show a maximum mass flow as shown in 

Figure 40. This graph assumes 1) that conditions exist in the column for the formation of 

aerosols and 2) that adequate condensable water vapor exists to support the calculated mass 

flow. Figure 40 does support the obvious conclusion that reducing particulate concentration at 

any level will reduce aerosol formation.  

 
 

Figure 40 - Aerosol mass flow vs. entering nuclei concentration. 

 

For simulation purposes orders of magnitude changes in particle concentration above and 

below the estimated concentration of                 were used to estimate a maximum and 

minimum extent of potential aerosol formation up to the maximum presented in the data 

extracted from Ehrig [31] as shown in Table 15. It is important to note that the total potential 

aerosol liquid mass flow is in some cases higher than the available condensable vapor as 

calculated above, so the available vapor will be the determining factor affecting total aerosol 

mass under some operating conditions. 
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Nuclei 

concentration  

Cn 

Droplet 

Diameter  

ddrop 

Droplet 

Liquid 

Volume 

Vdrop 

Total 

Aerosol 

Liquid Mass 

Qa 

#/cm3 m m3 kg/hr 

4.34E+04 2.813 11.573 1.971 

4.34E+05 2.100 4.761 8.109 

4.34E+06 1.386 1.308 22.275 

1.00E+07 1.128 0.664 26.042 

 

 

Table 15 – Range of particle concentrations for simulation 

 

5.3 Simulating Aerosol Equilibrium 

Because of their small size, aerosols will quickly equilibrate with the surrounding gas. For 

example, Fulk [43] calculated that it takes only               seconds for a 3.26 μm diameter 

particle to reach equilibrium with CO2 when transported in a concentrated gas. It can be 

assumed then that the aerosol droplets are in equilibrium with the surrounding gas and the 

concentration of gaseous species in the aerosol can be calculated by using known vapor liquid 

equilibrium data.  

 

The NOx absorber Aspen model was modified in order to calculate the aerosol equilibrium 

concentration as model parameters are changed as shown in Figure 41. 
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Figure 41 – Addition to Aspen NOx absorber model to calculate equilibrium concentrations in 

aerosols.  

 

The exit gas from the NOx absorber was first split to reduce the total volume to more 

manageable levels, in this case 300 kg/hr (REDGAS stream). The reduced gas flow is 

combined with an amount of pure water (AIN stream) to achieve the required aerosol liquid 

mass fraction (AOUT stream) after reaching equilibrium. 

 

The combined gas and aerosol liquid (INTMX stream) is fed into an Aspen equilibrium reactor 

block of sufficient size to allow full equilibrium to be achieved. The liquid phase reaction set was 

not included in this block because it is assumed that the bulk reactions in the NOx absorber 

have already taken place in both gas and liquid phase.  

 

The product liquid (AOUT stream) was then separated as a dirty water split using an Aspen 

mixer block. 

 

Results of the equilibrium for the base case simulation were compared with manual 

concentration calculations using the previously established Henry’s law constants. The result of 

both methods shows good agreement as shown in Figure 42. 
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Figure 42 - Aerosol dissolved gas component mole fraction. Aspen results vs. calculated from 

Henry's constants. 

 

5.4 Aerosol emission estimates 

The various scenarios of gas and liquid temperatures presented in Table 13 were simulated to 

estimate the effect of aerosols on emissions of the NOx absorber over the range of nuclei 

concentrations present in Table 15. The aerosol liquid mass was limited to a maximum of the 

available condensable water vapor above       as described previously. 

 

The available compounds simulated were grouped into four categories as shown in Table 16. 
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1 2 3 4 

Total NOX 

Other 

Condensable 

Nitrogen 

Components 

Other  

Nitrogen 

Compounds 

in Solution 

Other Non-

Nitrogen 

Compounds 

NO HNO3 N2 CO2 

NO2 HNO2 N2O CO 

  N2O3   O2 

  N2O4   AR 

  

 

  SO2 

      SO3 

      HCL 

      H2SO4 

 
 
Table 16 – Component categories in aerosol liquid 

 

Total NOx transported with the aerosol will directly reduce the removal efficiency of the NOx 

absorber.  

 

Condensable nitrogen components and other nitrogen compounds in solution may affect the 

total nitrogen removal of the process. In the case of an oxy-fired GPU, the nitrogen compounds 

in the liquid phase aerosols may not be efficiently removed in the later gas removal processes, 

resulting in a more contaminated CO2 product. 

 

The electrolytes in solution, both nitrogen and non-nitrogen containing, can also disassociate in 

water, reducing the pH which can cause corrosion or operating issues with downstream process 

such as heat exchangers and high pressure compressors that are not designed for low pH 

liquids. In these simulations, the resulting aerosol liquid ranged from 2 – 3 pH. 

 

The base case Figure 43 shows the relative composition of the components in the aerosol 

produced. The colored bars correspond to the categories in Table 16.  
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Figure 43 - Components dissolved in aerosol in base case. CO2 (not shown) is the major 

component at .04 wt. percent. 

 

 

Table 17 shows the detailed results of the simulation on the base case at four different nuclei 

concentrations. In this particular case, NOx emissions from the absorber (catagory 1) represent 

a tiny fraction of the NOx in the exit gas, less than 0.000016 % of the NOx emitted. So it is clear, 

strictly from the NOx removal perspective, that aerosols effects are insignificant in the modeled 

absorber.  

 

Since NOx can react in solution to other components, the combination of component fractions 1 

& 2 in solution can be important. Fractions 1 & 2 in the aerosol solution compose approximately 

0.009 % of the total of these components exiting with the gas.  
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Table 17 – Base case simulation results comparing composition of four component groupings to 

losses from dissolved components in aerosol at four different inlet nuclei concentrations. 

 

 

The effect of varying absorber conditions is shown in Figure 44. Two cases are shown in the 

chart compared to the base case. The 21-3 case represents the worst case scenario with 

maximum mass of aerosols emitted. In this case, gas temperature is high at 210C, while 

absorber feed water temperature is low at 30C. This scenario results in improved NOx removal, 

but significantly greater production of aerosols. The 2nd case presented 5-19 reduces gas 

temperature to 50C but increases feed water temperature to 190C.  

 

Compared to the base case, increasing the top temperature of the absorber (5-19 case) 

increases the concentration of gas species in the aerosol and results in greater aerosol 

emissions per mass of aerosol. Decreasing the top temperature of the absorber (21-3 case) 

decreases solubility of the gas components as seen in the two left hand data points on the 

graph. However, the lower temperatures also increase the saturation ratio and results in more 

water vapor being available for condensation and formation of aerosols. The two right hand data 

Nucei concentration  Cn #/cm3 4.34E+04 4.34E+05 4.34E+06 1.00E+07

Total Aerosol Liquid Mass Qa kg/hr 1.971 8.109 12.490 12.490

Inlet Gas

Total NOX kg/hr 78.8 78.8 78.8 78.8
Other Condensible Nitrogen Components kg/hr 0.0 0.0 0.0 0.0

Other  Nitrogen Compounds in Solution kg/hr 24,388            24,388        24,388          24,388           
Other Non-Nitrogen Compounds kg/hr 267,585          267,585      267,585       267,585         

Outlet Gas

Total NOX kg/hr 13.2 13.2 13.2 13.2
Other Condensible Nitrogen Components kg/hr 1.3 1.3 1.3 1.3

Other Noncondensible Nitrogen kg/hr 24,373            24,373        24,373          24,373           
Other Non-Nitrogen Compounds kg/hr 261,006          261,006      261,006       261,006         

Aerosol Liquid

Total NOX kg/hr 3.19E-07 1.31E-06 2.02E-06 2.02E-06
Other Condensible Nitrogen Components kg/hr 1.26E-03 1.30E-03 1.31E-03 1.31E-03

Other Noncondensible Nitrogen kg/hr 1.95E-04 8.04E-04 1.24E-03 1.24E-03
Other Non-Nitrogen Compounds kg/hr 1.89E+00 7.78E+00 1.20E+01 1.20E+01
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points show that the increase in aerosol formation eclipses the reduced solubility and actually 

increases nitrogen losses in the aerosol. 

 

Figure 44 – Total nitrogen compounds emitted with aerosols at various absorber conditions 

 

The results in Figure 44 were based on the assumption that the initial liquid in the aerosol (AIN 

stream to equilibrium reactor block EQRTR on Figure 41) to be pure water. The pure liquid is 

then equilibrated with the exit gas. In the 21-3 case, aerosols would be formed at the bottom of 

the column at the gas inlet, where the wash liquid has absorbed a considerable amount of the 

gas constituents, gas concentrations are high, and there is significant time for the liquid phase 

reactions shown in Table 5 to take place in the aerosols. These reactions produce compounds 

such as nitric acid in the water phase, that have relatively low vapor pressure at the 

temperatures and concentration simulated, and will tend not to dissipate. 

 

To see the effect of this on the final aerosol composition, the aerosol input stream (AIN) was 

assumed be at the concentration shown in Table 18. This is the composition of a pure water 

stream feed into the absorber column at 21-3 case condition, at stage 35 at the bottom of the 

column. This liquid concentration is then equilibrated with the absorber exit gas in the EQRTR 

block. The result is a simulation representing the final concentration in aerosols when those 

aerosols are formed early in the absorber column. 

0.0000

0.0005

0.0010

0.0015

0.0020

0.0025

0.0030

0.0035

0.0040

1.00E+04 1.00E+05 1.00E+06 1.00E+07

C
o

m
p

o
n

e
n

t 
e

m
is

si
o

n
s 

(k
g/

h
r)

 

Nuclei Concentration Cn (Particles/cm3) 

base case 21-3 case 5-19 case



63 
 

Figure 45 show the results, compared to both the base case simulation and the 23-3 clean 

water case. The dirty water case emitted 2.3 times the total nitrogen of the corresponding clean 

water case. This suggests that aerosol emissions are affected by both the total liquid mass of 

aerosols formed and the location at which they are formed.  

 

 
 
Table 18 – Water feed composition used in 21-3 contaminated water case simulation. 
  

AIN

Component Mole Frac

CO2 2.1425E-02

H2O 9.7826E-01

O2 3.9021E-05

AR 1.0395E-05

N2 5.9447E-05

SO2 2.7495E-05

NO 2.6916E-05

HNO3 1.2532E-04

HNO2 1.1973E-05

H2SO4 3.5120E-18

N2O3 1.1970E-16

N2O4 1.4290E-12

NO2 1.7036E-22

N2O 9.1031E-06
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Figure 45 – Total nitrogen compounds emitted with aerosol in contaminated water case vs. base 

and 21-3 cases.  
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6 Conclusions 

Aerosol formation through heterogeneous nucleation in aqueous gas absorption and the effect 

of these aerosols on final gas purity can be estimated using Aspen Plus. The most critical 

parameters for the analysis are inlet nuclei concentration and the saturation ratio profile through 

the absorber. With this information, the volume of the liquid aerosols exiting the absorber can be 

estimated. Composition of the aerosols can be estimated by equilibrating the liquid with the 

surrounding gas. 

 

Of the various parameters affecting saturation ratio, absorber liquid inlet temperature has the 

greatest effect, with cooler liquid cooling the gas and creating an oversaturated situation. Since 

liquid inlet temperature is often lowered to improve absorber performance, it is important to note 

that the simultaneous increase in aerosol formation could have a detrimental effect.  

Absorber pressure also has a similar effect, with increasing pressure improving NOx absorption, 

but also increasing the saturation ratio and the potential for aerosol formation.  

 

When the conditions for aerosol formation are met, the total aerosol volume produced is 

affected by initial nuclei concentration and total vapor available above       . In addition, the 

location where aerosols are formed can affect the final concentration of constituents in the 

aerosols as they exit the absorber.  
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8 Appendix 

Appendix A – Example of calculation method 

 
Below is an example of a typical calculation method that would be used for an actual running 

industrial gas absorption process.  It is assumed that a suitable Aspen simulation model is 

available for the process. 

 

Step 1 - Calculation of Saturation Ratio 

Three pieces of data are required for the saturation ratio calculation: stage temperature, stage 

concentration of condensable components, and equilibrium concentration of those components. 

 

Absorber column stage temperatures are available on the TPFQ tab under the RadFrac block 

using the following path in the Aspen data browser: 

 

BLOCKS > ABSORBER > PROFILES > TPFQ 

 

The highlighted results shown below can be brought into an Excel spreadsheet by cutting and 

pasting or by importing into Excel using the Aspen Simulation Workbook add-in. 
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Figure A.1 – Stage temperature data in Aspen 

 
 
Absorber column stage vapor compositions (Figure A.2) are available on the Compositions tab 

under the RadFrac block using the following path in the Aspen data browser: 

 

BLOCKS > ABSORBER > PROFILES > COMPOSITIONS 

 

Composition of all components in the vapor phase is available.  Only condensable components 

under the stated conditions with concentrations suitable for condensation aerosols need to be 

imported.  In many cases water vapor will be the only significant condensing component. 
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Figure A.2 – Stage composition data in Aspen 

 
The equilibrium vapor concentration of the condensing components selected can be obtained 

through the literature or using the aspen PL vapor pressure property available under the Aspen 

tools menu: 

 

TOOLS > ANALYSIS > PROPERTY > PURE  

 

An example of the Aspen property input screen is shown in Figure A.3.  The output data (Figure  

A.4) can then be plotted in Excel and a best fit equation generated relating stage temperature to 

partial pressure of the components.  
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Figure A.3 – Aspen binary property input screen 

 

 

 

Figure A.4 – Vapor pressure data in Aspen 
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An example of the Excel spreadsheet showing stage equations is shown in Figure A.5.  

 

 

Figure A.5 – Excel spreadsheet showing example calculations for saturation ratio 

 

 

  

  

Aspen data Calculated 

Equilibrium partial pressure = 

0.000034631*N4^2+0.000042224*N4+0.008499 

(Equation generated from Aspen vapor pressure data) 

Partial pressure on stage   

= mole fraction of component * stage or column 

pressure = P14*34.7 

S ratio calculated using Equation 45 = partial 

pressure from previous gas path stage / 

equilibrium partial pressure = R27/Q26 

Note manual input of the partial pressure of the gas at inlet 

conditions is required to calculate gas inlet stage S ratio 
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Step 2 - Calculate Droplet Mass 

Ideally the concentration of particulate on the inlet gas is known from actual process 

measurements.  It is important that these measurements include ultrafine particulate in the 0.1 - 

1 µm size range.  If the particle concentration is not known then the steps shown in Figure 18 

can be used as a rough estimate of particles entering the process. For the purposes of this 

example an inlet concentration of CN = 4.34 x 106 particles/cm3 with a particle diameter of DN = 

0.55 μm is assumed. 

 

Droplet diameter is estimated using equation 46: 

 

 D (m) = -0.3099 ln(Cn) + 6.1226   

 = -0.3099 ln(4.34 x 106) + 6. 1226  

 = 1.38 μm 

 

Droplet volume is calculated using equation 47: 
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 =  1.29 µm3/droplet 

 

Total aerosol mass is calculated from equation 48.  In this example gas volume entering the 

column     66.5 m3/min and the density of water is       0.99938 g/cm3. 6 x 10-8 is the sum of 

all unit conversions in the calculation below. 

 

                      

 = 4.34 x 106  x 1.29  x 66.5 x 0.99938 x 6 x 10-8  

 = 22.3 kg/hr 
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22.3 kg/hr is the maximum aerosol mass available. As explained in section 5.1 the available 

condensable components above Scrit may limit the amount of aerosol that can form.  The 

maximum vapor available for condensation on each stage can be calculated using equation  

A-1.  Gas molar flow rate is available from the Aspen results table.  In this example a gas molar 

flow rate of  7044 kmoles/hr  was used. 1.02 is Scrit  and 18.01528 is the molecular weight of 

water.  

 

                           

 (
(     

 (   

  
       ))

 
)                         ⁄             

 

Equation A-1 – Available Condensable Vapor 

 

Figure A.6 shows this calculation applied to the data from Figure A.5.  The result is a total of 

17.5 kg/hr of condensable water available in the column for aerosol formation.  

 

 

Figure A.6 – Excel spreadsheet showing available vapor calculations 

  

Available vapor per stage =  

((R3-(Q3*1.02))/34.7)*18.01528*7044 

Total condensable vapor available =  

Sum of stages where S > Scrit 
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Since the available vapor at 17.5 kg/hour is less than the potential aerosol mass of 22.3 kg/hour 

calculated above, the smaller number is used for aerosol mass in the simulator.  This mass of 

aerosol can then be equilibrated with the gas phase as described in section 5.3 to determine the 

total emissions due to aerosols. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 


