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Abstract:  
 

Reduction of nitrogen oxide (NOx) emissions from ships due to environmental 

pollution and greenhouse gas impact has been made obligatory by regulations 

introduced by the International Maritime Organization (IMO). Basically, NOx 

emission control mechanisms are divided into primary methods and after-

treatment methods. After-treatment methods focus on reducing NOx emissions 

from the exhaust gas by various methods. In this study, the efficiency of the urea 

transformation for different exhaust temperature values for a modelled Selective 

Catalytic Reduction (SCR) system has been investigated numerically. As a result 

of numerical model, isocyanic acid, temperature, urea and ammonia values have 

been determined for Urea-Water Solutions (UWS) process values. The study has 

been calculated by the computational fluid dynamics (CFD). The numerical 

results obtained were confirmed by experimental studies from the literature. 

  
 

1. Introduction 
 
NOx harmful gases which cause environmental 

pollution are formed during the combustion process 

in diesel engines. The amount of NOx emissions 

from shipping on annual has been reported to be 10 

million tons in the world [1]. In order to prevent 

NOx emissions from ships, mandatory regulations 

have been introduced by IMO. NOx emission limits 

for diesel engines has been determined depending 

on engine speed by Tier III as of 1 January 2016 

[2]. Figure 1 below shows the restriction imposed 

by IMO for the reduction of NOx emissions from 

ships depend on the engine cycles over the years 

[3]. Different technologies have been developed to 

reduce NOx pollution from ships. The urea-SCR 

system is one of the most useful methods to reduce 

NOx emissions in the exhaust gas. However, 

reducing the amount of NOx in the SCR system 

depends on the formation of enough ammonia in 

the catalyst. When the urea-water solution is 

injected into the exhaust gas, enough space and 

time is needed until ammonia is formed. SCR 

 

Figure 1. NOx emission limits 

 

performance has been influenced by exhaust gas 

temperature and The static mixer which allow 

ammonia to be distributed uniformly before 

entrance of catalyst [4]. Figure 2 shows the SCR 

system installed in the diesel engine exhaust line. 

The reduction behaviour of NOx in SCR systems 

starts with UWS spray. following injection, 

evaporation of urea-water solution, thermolysis of 
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Figure 2. Marine SCR systems 

 

urea, hydrolysis of Isocyanic acid (HNCO) and acid 

and reduction of NOx in the catalyst takes place [5]. 

Various studies have been done in the literature for 

evaporation and decomposition processes in SCR-

urea systems. Um et al. [6] have examined 

numerically various design parameters such as 

chamber diameter, inlet and outlet shape of 

chamber, and urea injection point. 

Capetillo and Ibarra [7] have investigated the effect 

of urea injection rate, spray angle and droplet size 

on ammonia formation and wall film thickness. 

Ström et al. [8] have examined the different forces 

such as drag, buoyancy, lift effect, thermophoresis 

and history effect that affect the motion of the 

droplets. Shen et al. [9] has developed a multi-step 

global kinetic SCR model using real machine data 

on a 1-D model. The model has been validated by 

selected engine test data which has wide 

temperature and space velocity. Kim et al. [10] 

have designed dimension and geometry for 

optimum spray characteristics and thermal 

decomposition. The effect of optimum SCR design 

on the conversion efficiency of urea solution to 

ammonia has been investigated experimentally.  

Birkhold et al. [11] have investigated urea-water 

solution and their interaction with exhaust gas flow. 

In this study, the effect of momentum between gas 

phase and droplets, evaporation and thermolysis of 

droplets, heat transfer between walls and particles 

and spray wall interaction have been investigated. 

Birkhold et al. [12] have examined the effect of 

urea on the evaporation of UWS. They have been 

determined that the vapor pressure decreased due to 

the increase of the droplet temperature and slow 

evaporation compared to the pure water. Park et al. 

[13] have analysed the effect of the mixer on the 

system by estimating the transport phenomena in 

the urea-SCR system.  

Millo et al. [14] have used commercial silicon 

carbide Cu/zeolite SCR-F to control NOx emissions 

in automotive diesel engines. In the SCR model, 

both numerical and experimental analyses have 

been performed for different soot load values. 

Nguyen et al. [15] have extended the experimental 

study of Nguyen et al. [16] On urea-based non-

catalyst reduction (SNCR) systems. In this study, 

hybrid SNCR-SCR system has been investigated 

experimentally and numerically by using urea 

solution in pilot SCR reactor.  

According to the studies done above, experimental 

application of SCR systems on ships is very few 

and insufficient due to the size and cost of 

equipment [17]. The use of CFD simulations in the 

investigation and development of thermochemical 

processes such as the SCR system has become 

increasingly important [18]. In this study, the effect 

of different diesel engine exhaust temperature 

values on urea decomposition has been investigated 

numerically. The numerical study has been studied 

with Ansys-Fluent commercial software. In 

addition, the effect of different temperature values 

on the parameters such as ammonia formation 

efficiency, temperature and pressure drop have 

been investigated. 

2. Methodology 

 

2.1 Geometric Model  

The SCR part has examined in the study is 

composed of 6000 mm (L) long and 300 mm (D) 

diameter pipe as shown in Figure 3. The analysis 

has been carried out for the hydrolysis, evaporation 

and thermolysis processes.  

 
Figure 3. Geometry definition 

 

The exhaust gases entering the SCR system are 

mixed with the urea solution by increasing and 

decreasing to the desired temperature with heat 

exchangers. 

2.2 Governing Equations 

Transport phenomena such as turbulence, chemical 

reaction, two phase flow and interactions between 

the gas phase and particles are realized In SCR 

systems [13]. The physical phenomena that may 

occur during the urea-water solution injection into 

the hot exhaust gas in the SCR must be correctly 

identified. Gas phase solution, spray movement, 
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urea-water evaporation, thermal decomposition of 

urea, chemical reactions and turbulence are 

required to be defined in the calculations [19]. 

In the fluid dynamics and heat transfer problems 

which are examined numerically, the flow of a 

heat-conducting fluid is governed by the Navier-

Stokes equations which cover the conservation of 

mass, momentum and energy equations in the 

system. [19]. In numerical calculations, continuity 

and momentum equations are expressed as follows 

[20].  

 

Where, ρ is Favre averaged, 𝑢𝑖 velocity field, p 

averaged pressure, 𝜏𝑖𝑗 stress rate tensor, 𝑆𝑝 and 𝑆𝑢𝑖 

are source term.  

The UWS sprayed into the exhaust gas is converted 

to water and urea through evaporation in the first 

step. The reaction may also be in the liquid or 

molten phase as expressed in the following 

equation [21]. 

 

In the process of conversion of urea in exhaust 

gases, temperature, air flow and pressure are 

required. Gas or molten urea is converted to 

isocyanic acid and ammonia at exhaust gas 

temperatures between 561 and 728 K  [22]. 

 

 Since there is no suitable condition in the phase 

changes of urea, alternative ways are applied for the 

decomposition rate in the calculations. Arrhenius 

expression is used for the decomposition rates of 

the reactions expressed in the above-defined 

equations [12]. 

 

Where, m mass of reactant (kg), t time (s), Dd   

droplet diameter (m), A frequency factor (kg/s.m), 

Ea activation energy (J/mol). 

2.3 Numerical Model  

Numerical analysis of thermo –physical 
phenomena in SCR geometry and CFD results 

have been obtained by Ansys-Fluent commercial 

software [23]. The system model and dimensions 

are designed depending on the machine type and 

conditions. The computational domain consists of a 

total of 143k structural meshes, each 20 mm in size. 

The SCR computational domain and boundary 

conditions are described in Figure 4. In this study, 

inlet boundary condition is defined as inlet of 

Figure 4. Computational domain 

exhaust gas to SCR pipe and outlet boundary 

condition is defined as catalyst inlet. The study has 

been analysed as transient and the convergence 

criterion was 10-3 for 1 s. Table 1 below refers to 

the value of the specified boundary conditions. 

Urea solution used in numerical analysis is 40% 

urea 60% water. The evaporation, hydrolysis and 

thermolysis of the UWS is provided by the Discrete 

Phase Model (DPM). The DPM model defines 

convection, diffusion and 

 
Table 1. Boundary conditions 

Boundary Conditions Value 

Inlet Velocity (m/s) 6 

Exhaust Temperature (K) 

Case 1 663 

Case 2 673 

Case 3 683 

Wall Temperature (K) 300 

Nozzle Diameter (mm) 0.001 

Injection Velocity (m/s) 10.6 

Injection Temperature (K) 300 

Nozzle Cone Angle 

(Degree) 

35 

 

reaction sources for each component species. The 

DPM model also solves the mixing equations and 

https://tureng.com/tr/turkce-ingilizce/reactant
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provides recognition and transport of chemical 

species. In SCR systems, turbulence model is 

required for pipe flows. k-ε turbulence model has 

been used in the study. The k-ε turbulence model 

allows to predict more accurate results for jet flow 

of the sprayed UWS [24]. There are different 

evaporation models in the UWS that allow the 

modelling of water evaporation. The Rosin-

Rammler (RM) model is the preferred method of 

evaporation in the study due to the high transport 

coefficient for the liquid phases. All the sizes taken 

in the model were divided a enough discreate. Each 

disaggregated segment is represented by the 

average diameter for the trajectory [12,25]. The 

following Table 2 describes the computational sub-

model boundary conditions. 

Table 2. CFD setup boundary conditions 

Boundary Conditions Value 

Turbulence Model k-ε Standard 

Droplet Evaporation Multicomponent model 

Reaction Finite-rate/eddy 

dissipation 

Urea Injection Discrete particle tracking 

model 

Diameter Distribution Rosin-Rammler 

 

2.4 Model Validation 

The most important disadvantage of numerical 

studies is that their accuracy depends on various 

parameters. The results of numerical analysis can 

be confirmed by experimental studies under the 

same boundary conditions. However, it is not 

always possible to conduct experiments. Numerical 

analysis results can be validated with experimental 

analysis data which from has been obtained 

literature or with mesh independency analysis. 

Mesh independency research in numerical analysis 

increases the reliability of the analysis results [26]. 

This study has been investigated for 109k, 143k and 

173k element number to show mesh independency. 
For these values, ammonia formation has been 

compared depend on time as shown Figure 5. The 

results are very close to each other in different 

element number at a temperature of 663 K. 

Therefore, the analysis is independent of the mesh 

structure. 

3. Results and Discussion 

 
In this study, three different exhaust temperature 

values were studied numerically. SCR urea-water 

evaporation, thermolysis and hydrolysis reactions 

have been investigated. The isocyanic acid (HNCO) 

 

Figure 5. Mesh independency at 663 K 

 

and ammonia (NH3) mass fractions formed by 

reaction with urea-water components sprayed from 

the nozzle has been determined by time. In the SCR 

system, the basic parameter of ammonia formation 

up to the catalyst input is temperature and velocity 

variables. The exhaust gas temperature allows 

water to evaporate from the UWS sprayed at 300 K. 

Exhaust gas velocity affects the rate of reaction 

formation. The higher the speed, the lower the 

efficiency of the reactions before the catalyst. 

Temperature distribution for final equilibrium 

condition along the pipe is shown in Figure 6. The 

temperature distributions in SCR systems change 

the urea that are sprayed into the system and 

chemical reactions. The SCR system designed 

 

Figure 6. Temperature distribution 

 

for the exhaust part of the diesel engine has been 

analysed for three different exhaust temperature 

values. Figure 7 below shows the time-dependent 

variation of the average temperature in the pipe for 

the exhaust temperature 663 K, 673 K and 683 K. 

Pipe outlet temperature value is one of the 

important parameters in carrying out NOx reducing 

reactions in the catalyst. The NOx emission 

increases due to the high combustion temperature in 

the combustion chamber. This indicates that NOx 

emission is greatly affected by the cylinder gas 

temperature and the presence of oxygen during 

combustion. Therefore, both the value of the 

exhaust temperature at the SCR inlet and the value 

at the catalyst inlet are effective parameters for 

ammonia formation and NOx reduction. One of the 

most effective methods used to reduce NOX 

emissions used in diesel engines is the SCR system. 
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Figure 7. Average temperature in SCR pipe 

 

Firstly, isocyanic acid solution which is sprayed 

with SCR system exhaust gas temperature effect 

evaporates to form solid or liquid isocyanic acid 

and water vapor. Urea injection time has been taken 

as 0.1 s. In Figure 8 below, the species and their 

positions in the pipe have been determined for 0.7 s 

after the urea sputtering time. According to the 

results, the amount of urea has been first has 

converted to isocyanic acid and then to CO2 and 

ammonia. In this study, it has been assumed that 

diesel engine exhaust gas consists of air. Because 

temperature is the only effective parameter in 

ammonia formation between diesel engine output 

and SCR catalyst. UWS decomposition has been 

carried out by air intake at exhaust gas temperature. 

The figure shows the chemical components depend 

on exhaust gas velocity and pipe length. At the end 

of 0.7 seconds, it has been determined that the 

components such as ammonia, isocyanic acid and 

CO2 formed near the inlet of catalyst. Therefore, the 

length of the pre-catalyst pipe is an important 

variable in the formation of UWS in SCR systems. 

In SCR systems, the main chemical component 

used to reduce NOx emissions from the exhaust gas 

is NH3. The sprayed urea is converted to ammonia 

with temperature. The ammonia formation process 

for 0.8 s is illustrated in Figure 9 below. According 

to the results, ammonia formation has been initially 

formed around the injector during the spraying and 

has been shifted along the pipe over time. If the 

pipe length is not long enough, the efficiency of 

ammonia formation decreases. UWS decomposition 

pipe should be chosen in the most appropriate 

dimensions considering the exhaust gas velocity. if 

the pipe is less than this value, it will prevent the 

formation of enough ammonia and will have a 

negative effect on NOx reduction. In the sprayed 

urea pipe, first evaporation of the water, then 

thermolysis of urea, formation of isocyanic acid 

occurs. Isocyanic acid is a species formed between 

ammonia and urea. In the SCR pipe, urea is first 

converted into this species and then by hydrolysis 

this type into ammonia and water. Figure 10, 11  

 
Figure 8. Chemical components at 0.7 s 

 

 
Figure 9. Ammonia formation over time 

 

and 12 below show the mass fraction of isocyanic 

acid and ammonia in the SCR pipe depending on 

time. The Figures refer to the chemical components 

occurring at 663, 773 and 683 K exhaust 

temperature values, respectively. In this study, the 

effect of three different exhaust temperature 

parameters on ammonia formation in the SCR pipe 

has been investigated. In the results of the analysis, 

it has been determined that the amount of NH3 

produced increases as the exhaust gas temperature 

increased. Ammonia formation gradients are given 

on the cross-section x = 3.6 m for three different 

temperature values as illustrated in Figure 13. 

Analysis refers to the situation at the specified site 
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Figure 10. Formation of NH3 and HNCO at 663 K 

 

 

Figure 11. Formation of NH3 and HNCO at 673 K 

 

 
 

Figure 12. Formation of NH3 and HNCO at 683 K 

 

0.6 seconds after the start of injection. Ammonia 

formation has been observed near the centre of the 

pipe. The main reason for this is that there is not 

much velocity difference between the exhaust 

velocity and the injection velocity.  Figure 14 

below shows the ammonia formation process with 

depend on time for different temperature values. 

According to the figure, the formation of NH3 with 

the start of injection is minimal. Over time, the 

amount of ammonia in the pipe increases with the 

effect of temperature. It has been determined that 

the highest ammonia conversion has been 410 K 

and this efficiency decreased with temperature 

decrease. 

4. Conclusion 

 
In this study, the effect of exhaust gas temperature 

on the formation of SCR ammonia has been 

investigated numerically. In the UWS 

decomposition analysis, the exhaust gas output and 

 
Figure 13. NH3 mass fraction at 0.6 [s] 

 

 

Figure 14. NH3 mass fraction at different exhaust 

temperature 

 

the catalyst inlet have been examined. In this study, 

chemical species occurring along the pipe and their 

mass ratios have been determined. Ammonia 

formation efficiency has been compared at different 

exhaust temperature values under the same 

boundary conditions. the highest ammonia 

formation occurred at 410 C exhaust temperature. 

Evaporation, thermolysis and hydrolysis reactions 

of urea solution in SCR has been investigated. 

water vapor (H2O), exhaust air, isocyanic acid 

(HNCO) and ammonia (NH3) formation were 

determined by time along the pipe. 
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