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Abstract 

The NOx removal performance of the SCR process depends on various factors such as catalytic factors 

(catalyst composition, shape, space velocity, etc.), temperature and flow rate distribution of the exhaust gas. 

Among them, the uniformity of the flow flowing into the catalyst bed plays the most important role. In this 

study, the flow characteristics in the SCR reactor in the design stage were simulated using a three-dimensional 

numerical analysis technique to confirm the uniformity of the airflow. Due to the limitation of the installation 

space, the shape of the inlet duct was compared with the two types of inlet duct shape because there were many 

curved sections of the inlet duct and the duct size margin was not large. The effect of inlet duct shape, guide 

vane or mixer installation, and venturi shape change on SCR reactor internal flow, airflow uniformity, and 

space utilization rate of ammonia concentration were studied. It was found that the uniformity of the airflow 

reaching the catalyst layer was greatly improved when an inlet duct with a shape that could suppress drift was 

applied and guide vanes were installed in the curved part of the inlet duct to properly distribute the process 

gas. In addition, the space utilization rate was greatly improved when the duct at the rear of the nozzle was 

applied as a venturi type rather than a mixer for uniform distribution of ammonia gas. 

 
Keywords: Ammonia(NH3), Computational Fluid Dynamics (CFD), Flow uniformity, Nitrogen oxides (NOx), Selective 
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1. INTRODUCTION  

Nitrogen oxides (NOx), one of the major pollutants in the atmosphere, can theoretically exist in the form of 

N2O, NO, NO2, N2O3, N2O4, NO3 and N2O5. However, NOx in exhaust gases typically consists of >95% NO 

and <5% NO2, which can vary slightly with temperature and atmosphere (especially for the concentrations O2 

and CO) [1]. The selective catalytic reduction (SCR) for NOx using NH3 as a reductant is a technology 

introduced in the late 1970s. This is one of the widely used technologies for reducing NOx in flue gas generated 

from coal-fired power plants and other industrial facilities [2]. The SCR method is the most widely used 

nitrogen oxide treatment technology in the world and is currently applied in more than 500 commercialized 

processes [3,4]. NOx in flue gases can be converted to N2 and H2O using a catalyst in the presence of oxygen. 

Reducing agents used in the SCR process include ammonia, urea, and hydrocarbons. Among them, the SCR 
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process using NH3 is relatively reliable than the process using other reductants, and the reaction formula is as 

follows [3,5]. 

 

4NH3 + 4NO + O2→4N2 + 6H2O      (1)  

4NH3 + 2NO2 + O2→3N2 + 6H2O      (2) 

2NH3 + NO + NO2 + O2→2N2 + 3H2O     (3) 

 

SCR method is used for more than 90% of NOx treatment of exhaust gas from thermal power plants [6,7]. 

However, since SCR has a narrow operating temperature range (300-400°C.), large amount of catalyst is 

required to increase reaction efficiency and the temperature of exhaust gas must be lowered. Ammonia slip 

and equipment corrosion, catalyst life, etc. are also important issues with SCR. In general, most of the spent 

catalyst had used in SCR is recycled or reused, but if not recycled, the spent catalyst must be treated in a 

sanitary landfill [8]. 

In NOx emissions can be controlled in three different ways: pre-combustion, combustion control and post-

combustion. Using pre-combustion and combustion methods, NOx can be reduced to less than 50%. The pre-

combustion method is to reduce the amount of nitrogen compounds in the fuel to reduce NOx emissions. 

Combustion control is to control the temperature of the furnace and burner, control the residence time of the 

combustion zone, and optimize the air-to-fuel ratio to minimize NOx production [9]. The post-combustion 

method is to remove NOx from the exhaust gas emitted after pre-combustion and combustion control.  

NOx during fuel combustion can be classified into Thermal-NOx, Prompt-NOx and Fuel-NOx according to 

its formation mechanism. Thermal-NOx is produced by oxidation of N2 in air under high temperature 

conditions (>,1450ºC). Therefore, thermal NOx is generated at very high temperatures and is proportional to 

the gas residence time and O2 concentration in the high temperature region [10]. Prompt-NOx is produced by 

the reaction between N2 and hydrocarbon radicals (eg. CH, C2H and CH2) in fuel-rich zones. Fuel-NOx is 

produced by oxidation of nitrogenous species (char-nitrogen and volatile-nitrogen, mainly HCN and NH3) 

contained in fuel. In general, the fuel-NOx mechanism involves the rapid conversion of nitrogen compounds 

in the fuel to intermediate nitrogen compounds (mainly in terms of HCN, CN, NH2, NH, N) and then either 

reacting with oxygen to convert to NO or be converted to N2 by reaction with NO itself [11]. 

The efficiency of SCR is affected by many factors such as catalyst type, catalyst location, and ammonia 

distribution. A perfect distribution of NH3 is very important to maintain a suitable NH3/NOx ratio and to reduce 

NH3 slip [12]. The NOx reduction performance of SCR depends on various factors such as catalytic factors 

(catalyst components, shape, space velocity, etc.) and flue gas temperature, flow rate distribution, and process 

operating conditions [13,14]. When the performance of the catalyst is guaranteed, the concentration 

distribution and uniformity of the flow of ammonia flowing into the catalyst bed become the most important 

factors for NOx reduction efficiency. This is because, if the flow is not uniform, drift will occur at the front of 

the catalyst, and only a certain catalyst will be used, which may reduce the catalyst use cycle and reduce the 

performance of SCR. For uniform airflow distribution of ammonia delivered to the catalyst bed, it is most 

preferable that the process gas be introduced directly from the top of the reactor. However, in the actual field, 

the installation space is narrow, so a rational design is impossible, so it is often designed with a side entry 

structure. Therefore, for flow uniformity in the SCR, a device capable of changing the flow such as a guide 

vane or a perforated plate must be installed [15]. 

In this study, the flow characteristics of the SCR reactor in which the exhaust gas is introduced from the 

side of the upper part of the reactor due to the limitation of the installation space were simulated using a three-

dimensional numerical analysis technique. In addition, we tried to study the effects of guide vanes, baffles, 

and perforated plates on the flow characteristics of ammonia flowing into the SCR reactor. 



Numerical Analysis of Flow Uniformity in Selective Catalytic Reduction (SCR) Process  

Using Computational Fluid Dynamics (CFD)                                                                297 

 

2. NUMERICAL ANALYSIS AND EXPERIMENT 

2.1  Basic equation 

 

2.1.1 Continuity equation 

 

It is based on the equation of conservation of mass, which means that the mass increase in the control volume 

is equal to the amount of mass entering through the control volume, and it is given in Eq. (4) [16]. 

 

 
∂(𝜌𝑢ⅈ)

∂𝑥ⅈ
 = 0        (4) 

 

2.1.2 Momentum equation 

 

The momentum equation means that the sum of the forces acting on the control volume is equal to the 

change in the momentum all of the control volume, as shown in Eq. (5) [16]. In Eq. (5), each term represents 

the momentum that flows perpendicular to each direction of the control volume, the pressure acting on the 

control volume, and the gravity due to the difference in density and viscous force acting on the control volume. 

 

∂(𝜌𝑢ⅈ𝑢𝑗)

∂𝑥𝑗
= −

∂𝑝

∂𝑥ⅈ
+

∂

∂𝑥𝑗
[𝜇 (

∂𝑢ⅈ

∂𝑥𝑗
+

∂𝑢𝑗

∂𝑥ⅈ
)] + 𝜌𝑔ⅈ     (5) 

 

2.1.3 Energy equation 

 

The rate of change of energy in the control volume can be obtained from the first law of thermodynamics, 

which states that it is equal to the sum of the rate of change of work and heat applied to the control volume, 

and it is expressed in Eq. (6) [16]. This energy equation is used to predict thermal shear phenomena and 

temperature distribution. 

 
∂

∂𝑥ⅈ
(𝜌𝑢𝑗𝑘) =

∂

∂𝑥ⅈ
[(

𝜇

Pr
+

𝜇𝑡

Pr𝑡
)

∂𝑇

∂𝑥ⅈ
] + 𝑆𝑇      (6) 

 

2.1.4 Turbulence model 

 

The flow of turbulence is very irregular and shows abnormal three-dimensional behavior, therefore 

turbulence model is introduced [16]. In the turbulence model, turbulence movement is largely expressed in 

two properties: First, velocity scale to represent intensity of turbulence and second, length scale to represent 

size of turbulence. Among turbulence models, the k-ε model proposed by Launder and Spalding in 1974 [17], 

which is a modification of Navier-Stokes Eq. (7), is best model to express turbulence. Standard k-ε turbulence 

model expresses turbulence viscosity in turbulence kinetic energy and dissipation rate of turbulence. Equations 

for turbulence kinetic equation is as follows [16]. 

 
∂

∂𝑥𝑘
(𝜌𝑢𝑘𝑘) =

∂

∂𝑥𝑘
[(𝜇 +

𝜇𝑡

σ𝑘
)

∂𝑘

∂𝑥𝑘
] + P − 𝜌𝜀     (7) 

 

Equation for dissipation rate of turbulence is as shown in Eq. (8) where P means the turbulence generation 

term, as in Eq. (9) [16]. 
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∂
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And the turbulent viscosity coefficient μt can be expressed as the relation between the turbulent kinetic 

energy k and the energy dissipation rate ε as shown in Eq. (10). This turbulence model can only be used in the 

complete turbulence region and uses a wall function in the vicinity of the wall. The constants used in this 

turbulence model are 1.44 for C1, 1.92 for C2, 0.09 for Cμ, and 1.3 for σk, respectively [16]. 

 

𝜇𝑡 = 𝐶𝜇𝜌
𝐾2

𝜀
        (10) 

 

2.2  Porous media model 

 

Since it is difficult to implement complex shapes such as catalysts with current computational fluid 

technology, a porous media model is used to assume a porous material and calculate the pressure drop per unit 

length for the local flow rate [18]. Ignoring convective acceleration and diffusion, the porous media model is 

reduced to Darcy’s Law; 

 

∇𝑃 = −
𝜇

𝛼
�⃗�        (11)  

 

The pressure drop in each of the three coordinate directions (x, y, z) in a porous region is given by Eqs. (12)-

(14). 
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𝛼𝑧𝑗
𝜐𝑗

3
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2.3  Condition for numerical analysis 

 

Many A commercial software FLUENT was used and the turbulence equation is discretized by finite volume 

method. All numerical analysis was performed using upwind differencing scheme. In which, artificial diffusion, 

that is, numerical diffusion was introduced for the convection term, which provides a stable solution. Then, 

Semi-Implicit Method Pressure-Linked Equations algorithm combining continuity equation and momentum 

equation was used to find pressure field [4]. Also, under relaxation method was used to improve the 

convergence. As the basic equation required for numerical analysis is non-linear, convergence of solution by 

repetition is necessary. During the repetitive calculations, residual (R) was checked to evaluate the 

convergence of dependent variables, and when the residual reached below 10-3, it was assumed to be 

converged [19]. 

 

max｜φn+1 - φn｜ ≤ 10-3      (15) 

                           

2.4  Analytical model and boundary conditions 
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The simulation was performed over three steps. In the first simulation, two duct lay-outs were proposed to 

select a suitable duct layout for the factory where this SCR facility will be installed, and then the airflow flow 

and flow velocity distribution inside the duct were compared. 

 

3. RESULTS AND DISCUSSION 

3.1  1
st
 simulation model 

 

In the first simulation, two duct lay-outs were proposed to select a suitable duct layout as can be seen in Fig. 

1. As detailed in Fig. 1, 16.3 kg/hr (9% NH4OH, 20oC) of ammonia water was injected using a spray nozzle 

for ammonia injection (spray angle 20o, air flow rate of 10.8 Nm3/hr), and the exhaust gas flow rate was 48,159 

m3/hr at 170 oC. 

 

Simulation model 
Simulation conditions 

Case-1 Case-2 

 

 

 

  

Figure 1. Boundary conditions for 1st simulation model 

3.1.1 Air flow distribution 

 

Figure 2. Air flow distribution in the 1st simulation 

Fig. 2 shows the simulation results for the air flow distribution passing through the catalytic bed as well as 

the inlet of the catalyst bed. As shown in Fig. 2, it can be seen that in Case-1, a severe dead-zone occurs at the 

Case-1 Case-2 
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inlet of the catalyst layer and there is a large air flow difference between the center of the catalyst layer and 

the wall. However, in Case-2, it can be seen that the dead-zone at the inlet of the catalyst layer is much 

improved than in Case-1, and the air flow deviation inside the catalyst layer is also reduced. 

 

3.1.2 Catalytic bed flow velocity distribution 

 

Fig. 3 shows the flow velocity distribution through the cross section of the catalytic bed. The total catalyst 

bed is divided into three layers, and one layer consists of 6 cells. In Case-1, it can be seen that the flow velocity 

passing through the six cells of the upper catalyst layer varies greatly from 2.8 m/s to 6.8 m/s. However, in 

Case-2, the flow velocity passing through the six cells of the upper catalyst layer was 2.2 m/s to 3.5 m/s, 

indicating that the flow velocity deviation was smaller than in Case-1.  

 

 Cross-sectional distribution Velocity plotting 

Case-1 

  

Case-2 

  

Figure 3. Catalytic bed flow velocity distribution in the 1st simulation 

As a result of simulating the flow rate distribution through the catalyst bed, it was found that the flow rate 

standard value exceeded ±5% in both cases. In Case-1, the air flow uniformity was poor and the flow velocity 

deviation was very large compared to Case-2 because the inlet duct was narrow and the inflow speed was fast. 

Therefore, it is desirable to select Case-2 rather than Case-1 to find a way to reduce the flow velocity deviation. 

 

3.2  2
nd

 simulation model 

 

In the second simulation, various design factors were reviewed so that the optimal SCR performance could 

occur in the duct shape in the layout 2 selected in the first review. The design factors studied in this simulation 

are i) addition of guide vane, ii) type of mixer, iii) number and position of nozzles, and iv) shape and position 

of venturi. And the simulation conditions are the same as the first simulation conditions. As shown in Fig. 4, 

the simulation was carried out while various design factors were changed (6 cases) so that the duct selected in 

the first simulation could show the optimum efficiency. 
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Case-1 Case-2 Case-3 
 

   

Case-4 Case-5 Case-6 

 

 

  

Figure 4. Boundary conditions of the 2 rd simulation model 

As detailed in Fig. 4, Case-1 adds guide vanes and installs one nozzle and plate-type mixer. In Case-2, a 

guide vane was added and two nozzles and a V-baffle type mixer were installed. In Case-3, a guide vane is 

added and two nozzles and a plate-type mixer are installed. In Case-4, a guide vane and two nozzles were 

installed, and a venturi was installed instead of a plate-type mixer. Case-5 installed a guide vane and two 

nozzles and changed the shape of the venturi. Finally, Case-6 is the same as Case-5, but the positions of the 

venturi and nozzle are slightly shifted downwards. 

Table 1. Flow and concentration distribution results in the 2nd simulation 

 Case-1 Case-2 Case-3 Case-4 Case-5 Case-6 

Flow distribution Excess Excess Excess Excess Excess Fitness 

Concentration distribution Excess Excess Excess Excess Fitness Fitness 

Pressure drop across the reactor (mm H2O) 158 133 125 150 118 115 

 

In the second simulation, a mixer was installed in the duct selected in the first simulation to understand the 

effect of the mixer on the improvement of airflow and concentration distribution. As can be seen from Table 

1, in case of Case 1~Case 4, both the flow rate and concentration distribution exceeded the standard values, 

indicating that the mixer effect was insignificant. This seems to adversely affect the airflow uniformity of the 

catalyst bed because the distance between the mixer and the catalyst bed is too close. In case 5, the 
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concentration standard value was met, but the flow rate distribution was found to exceed the standard value. 

Installing the venturi is effective in reducing the concentration deviation, but it is considered that the location 

between the venturi and the catalyst bed is too close, which still adversely affects the airflow uniformity of the 

catalyst bed. Case 6 was found to meet both the flow rate and concentration distribution standards. 

 

3.3  3rd simulation model 

 

As detailed in Fig. 5, in the 3rd review, the final shape of the reactor in Case 6 selected in the 2nd review 

was determined, and the flow rate and concentration references of the catalyst bed were checked in detail. In 

order to improve the catalyst bed flow rate deviation, the guide vanes of the reactor inlet curved part were 

added and expanded in the duct (layout 2). In addition, to improve the concentration deviation of the catalyst 

layer, the nozzle position was moved and the duct was configured in a venturi shape. 

 
 

 

Figure 5. Boundary condition of the 3rd simulation model 

3.3.1 Air flow distribution 

 

As shown in Fig. 6, when the shape of Case-6 determined in the secondary simulation is applied, it can be 

confirmed that the downward airflow is stably formed without the formation of a special vortex on the upper 

part of the catalyst layer. 

 

3.3.2 NH3 concentration distribution 

 

As can be seen in Fig. 7, when the shape of Case-6 determined in the secondary simulation is applied, it can 

be confirmed that the concentration distribution of the airflow flowing into the catalyst layer is uniformly 

flowing with almost no deviation. 
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Figure 6. Air flow distribution in 3 rd simulation 

 

 

Figure 7. NH3 concentration distribution in 3rd simulation 

3.3.3 Temperature distribution 
 

As can be seen in Fig. 8, when the shape of Case-6 determined in the secondary simulation is applied, it can 

be confirmed that the temperature distribution of the airflow flowing into the catalyst layer is uniformly 

flowing with almost no deviation. 

 

3.3.4 Catalytic bed inlet flow velocity and concentration distribution 
 

As can be seen in Fig. 9, it can be confirmed that all flow velocity values flowing through the inlet surface 

of the catalyst bed are distributed within ±5% of the catalyst performance standard, which satisfies the 

performance standard. 

 

3.3.5 Pressure distribution 
 

As can be seen in Fig. 10, the differential pressure applied to each stage of the catalyst bed was about 180 

Pa, and the total pressure drop of the SCR reactor was confirmed to be 1,152 Pa. 
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Figure 8. Temperature distribution in 3 rd simulation 

Velocity 

distribution 

 

 
 

NH3 

concentration 

distribution 

 

 

 

Figure 9. Catalyst bed inlet flow velocity and concentration distribution in 3 rd simulation 

In the 3rd simulation, the predicted values of the flow velocity and concentration of the inlet surface of the 

catalyst layer for the shape of Case-6 were simulated in detail. It was confirmed that they were all distributed 

within the applicable flow rate and concentration performance standards (deviation ±5%) in the field. 
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Figure 10. Pressure drop in 3 rd simulation 

4. CONCLUSION 

As a result of studying the factors affecting the NOx removal performance in the SCR process using a three-

dimensional numerical analysis technique, the following conclusions were obtained. 

Comparing and examining the inlet duct shapes Case-1 and Case-2 in the first review, both Case-1 and Case-

2 exceeded the flow rate standard. In Case-1, the width of the inlet duct is narrow and the uniformity of airflow 

is poor (the inflow velocity is large and the flow velocity deviation is severe), so it is reasonable to apply Case-

2. In addition, in order to prepare a plan to solve the flow velocity deviation (guide vane installation, etc.), a 

secondary simulation was conducted. 

Simulating six cases to improve airflow uniformity and ammonia space utilization, the uniformity of airflow 

reaching the catalyst layer was greatly improved when the exhaust gas was properly distributed by installing a 

guide vane in the inlet duct curved part. In addition, it was confirmed that the space utilization rate was very 

good when the duct at the rear end of the nozzle was converted to a venturi type instead of a mixer to improve 

ammonia distribution. 

Analyzing the predicted values of flow velocity and concentration at the inlet surface of the catalyst bed in 

Case-6, which was finally selected, it was confirmed that all predicted values were distributed within ±5% of 

the performance standard. In addition, the total pressure drop of the reactor was found to be 1,152 Pa. 
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