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Abstract: 

In the present study, numerical analysis on the effect of steam dilution and high pressure 

on liquid fuel swirl combustion is carried out using a turbulent non-premixed combustion model. 

Tangential air injection scheme is adopted in a conical combustor. High recirculation is achieved 

inside the combustor due to the swirl pattern produced by the tangential air inlets. n-Dodecane, 

which is a major component of kerosene and Jet-A fuel, is selected as fuel in the present study.The 

thermal intensity of 5.37 MW/m3 with 21.1 kW thermal input is considered for the computational 

study. The chamber pressure is varied from 1 to 20 atm, keeping the momentum of inlet airflow 

constant. Steam added in the oxidizer as a diluent is varied from 0 to 20% by mass. Computational 

Fluid Dynamics (CFD) analysis using RANS (Reynolds Averaged Navier-Stokes) equations is 

performed to understand the flow characteristics and study the effect of steam dilution and pressure 

on NO formation. Realizable k-𝜀 turbulence model is used in the present study to capture the flow 

behavior due to the swirling motion. Spray characteristics are modelled using the Discrete Phase 

Model. The chemical representation is realized using scalar conservation concept with 𝛽-PDF 

model. Detailed chemical kinetic analysis with ignition delay characteristics, rate of species 

production, reaction behavior and sensitivity analysis is carried out. It is observed that the ignition 

delay decreases rapidly with pressure and very slowly with steam dilution. Effect of pressure and 

dilution on the OH concentration and olefins are discussed. Peak flame temperature and NO 

formation decreased with the steam addition. Emission characteristics are presented in the paper.  

Keywords: Steam diluted combustion, Spray combustion, Non-premixed combustion, Swirl flow, 

Computational fluid dynamics, Emissions, High-pressure combustion 

 



1. Introduction 

With the recent occurrences of extreme climate change, the reduction of emissions from 

combustion processes has to be given paramount importance. NOx, CO, unburned hydrocarbons 

and particulate matter are among the most harmful gases emitted from combustion. NOx has been 

identified as a major pollutant because of its direct effect in causing acid rains, degradation of the 

ozone layer and many health hazards. Thermal NOx comprises a major portion of the total NOx 

emitted and is a function of combustion temperature [1–4] . Researchers have identified several 

methods, such as fuel/air staging combustion, lean premixed combustion, exhaust or flue gas 

recirculation (EGR/FGR), MILD combustion, and emulsion fuel techniques, to lower the peak 

flame temperature to control the NOx emissions. Staged combustion has been adopted by many 

researchers [3,5,6] in this regard. Both air staging and fuel staging can be done in which the fuel/air 

supply is split and added at different stages of the combustor to control the flame structure such 

that emissions are suppressed. In air staging, combustion takes place initially in a rich environment, 

which reduces the NOx formation. However, incomplete combustion causes increased CO 

formation. This needs air to be supplied and appropriately mixed at a later stage to burn the CO. 

However, prompt NOx formation could increase during the second stage of combustion. Fuel 

staging allows the availability of hydrocarbons at a later stage which could increase the formation 

of prompt NOx. Premixed combustion with an excess amount of air can reduce the flame 

temperature, which reduces thermal NOx. However, this technique suffers from combustion 

instabilities [7–9]. The diluted and preheated reactants in MILD combustion help in achieving the 

distributed reaction; hence, the flame temperature is maintained below 1800 K, and the 

temperature fluctuations are avoided. NOx and CO emissions are suppressed significantly [1,2,10–

13]. However, application of MILD combustion at high pressures is still ambiguous, since at high 



pressures ignition delay gets reduced. The distributive reaction nature of the MILD combustion is 

inhibited by a shorter ignition delay at high pressures. Emulsion fuels have shown tremendous 

capability in improving the efficiency of fuels and also in reducing fuel costs. These conditions 

also reduce the CO2, SOx and NOx emissions [14,15]. However, few researchers have also claimed 

that emulsion fuels reduce the performance of engines. Additionally, avoiding sedimentation for a 

longer duration in emission fuels is a difficult task. Therefore, it limits the use of emulsion fuels 

in engines that run for a long time.  

Use of diluents in reactant mixture is also an effective method to reduce emissions. 

Common diluents used are nitrogen, carbon dioxide, steam, argon and helium. The inert nature of 

these diluents helps in reducing the peak temperature by widening the reaction zone inside the 

combustor. This results in increasing the ignition delay. The traditional dilution includes the 

recirculation of exhaust gases such as N2 and/or CO2 into the combustor. However, researchers 

have found that the addition of steam as diluent gives better results in terms of reduction of 

emissions [16]. Steam has a high specific heat that enables to retain high thermal heat without 

increasing the temperature inside the combustor. Combustion with steam dilution can achieve the 

same benefit as emulsion fuel combustion, and the problem of sedimentation can be avoided. This 

recently has encouraged researchers to adopt the steam/water as a diluent in their numerical [17–

19] and experimental [20–23]  studies. Shahpouri and Houshfar [17] have reported in their 

computational study that for low water to fuel ratio, the addition of water directly into the 

combustor could efficiently reduce NO emission (up to 1.69 times) than when air is humidified. 

Farokhipour et al. [18] reported that the addition of water spray is more beneficial when sprayed 

after primary zone than at the inlet of the swirl combustor to prevent being trapped in the internal 

recirculation zone. This allows a better interaction of water droplets with the combustion products 



so that the emissions are reduced at the downstream location. However, for the higher water to 

fuel ratio, the addition of water in the oxidizer stream could reduce NOx emissions better. Addition 

of water in the oxidizer could also reduce CO emissions through more effective oxidation [20] up 

to a specific limit beyond which CO emission rises due to excessive cooling effect of water 

molecules. Li and Williams [16] added different diluents such as steam, nitrogen, carbon dioxide 

and argon up to 10% in the air stream for methane-air combustion. Their results showed that all 

the diluents were able to reduce the NOx formation whereas the effect of steam was found to be 

most efficient followed by CO2, N2 and Ar. Benini et al. [24] compared the effect of steam dilution 

and water dilution in their numerical as well as experimental studies and found that steam injection 

could reduce NO emissions twice as effectively as water addition. They also reported that CO 

emissions is decreased initially and then slightly increased with steam injection. However, with 

water addition, the CO emissions increased significantly. The addition of steam alters the NOx 

formation path,  which helps in the reduction of the NOx emissions [22,25,26]. Molnar and Marek 

[27] considered the addition of water in their mathematical study of Jet-A and methane 

combustion. They also observed that the addition of water altered the chemical kinetics of the 

combustion process to cause a reduction in NOx emissions. Researchers have used steam as a 

diluent in both fuel and oxidizer to see the effect on emissions of NOx [20 - 25]. Donohoe et al. 

[29] found that the presence of H2O in the fuel-air mixture generates more reactive OH radicals 

that promote the oxidation of carbon monoxide. Thus, the addition of steam as a diluent has an 

impact on the chemical kinetics of the combustion of hydrocarbons [30–32]. 

On the other hand, the dissociation of high carbon number fuel has been studied at 

atmospheric pressure [33,34], low pressure [35] and high pressure up to 30 bar [36,37].  However, 

there are not enough studies to investigate the impact of steam dilution on the dissociation of fuel 



in a swirling flow environment. Lyu et al. [22] considered steam dilution up to 33% by volume 

and pressure varying up to 5 atm with H2 as fuel. They observed two different pressure variation 

effects on laminar flame speed for steam dilution above and below 12%. For steam dilution less 

than 12%, laminar flame speed increased initially and then reduced with increase in pressure. 

However, for steam dilution greater than 12% laminar flame speed decreases monotonously with 

pressure aided by the chemical effect of steam dilution at high-pressure conditions. The three-body 

reactions at high pressure have an inhibiting effect on the laminar flame speed.  Donohoe et al. 

[29] studied the effect of steam dilution on the ignition of natural gas, hydrogen at pressures up to 

30 bar. Gonca [26] added steam up to 5% using biodiesels and alcohols at 30 atm operating 

pressure condition to study the effect of steam addition on the equilibrium combustion products. 

NO formation was found to be reduced substantially with steam dilution. However, most of the 

literature is available on steam diluted combustion with gaseous fuels, and the combined effect of 

pressure and steam dilution on combustion has not been discussed extensively [16,24,28,38]. The 

study from NASA Glenn Research Center shows that steam addition in aviation engine has proven 

to be more effective than conventional water injection methods in reducing the specific fuel 

consumption, NOx emissions, and turbine inlet temperature [39].Gas turbine combustors are 

operated with liquid fuels at high-pressure conditions. Combustion of liquid fuel is more 

complicated than the gaseous fuel since many sequences of processes are involved before the 

combustion. The liquid spray droplets have to be evaporated and then mixed with air to form a 

flammable mixture. The addition of steam also leads to different interaction characteristics. Hence, 

a comprehensive study is needed to analyze the effect of steam dilution on the chemical kinetics 

and emissions of liquid fuel combustion at high pressure. Performing experiments for liquid fuel 

combustion at such high pressure and dilution condition has numerous complexities and is difficult 



to analyze. Designing a high pressure combustor with high mass flow rate of steam is a difficult 

task. Thus, computational analysis will help as a guiding light for conducting experiments. The 

swirl flow based combustor proposed by Reddy et al. [40] is adopted in the present work to study 

the effect of steam dilution on the chemical kinetics of oxidation of nC12H26 and emissions (CO 

and NO) at elevated pressures. 

In the present study, numerical simulations are performed to understand the effect of steam 

dilution and pressure on the non-premixed combustion characteristics in swirl combustors. A 

conical combustor with four tangential air injectors is considered, and the combustor operates in 

the pressure range of 1 to 20 atm. The recirculating flow in the combustor is achieved by adopting 

the swirl flow that helps in enhancing the mixing and thereby the combustion efficiency. Steam is 

added in the oxidizer in different proportions varying from 0 to 20%. The perfectly stirred reactor 

(PSR) model is used to understand the chemical kinetics of the combustion for all range of pressure 

and dilution. The ignition delay is an essential parameter in achieving a distributed reaction inside 

the combustor. A higher ignition delay, along with swirl flow enhances the mixing of reactants 

and products in the combustor, which helps stabilize the distributed reaction. The ignition delay is 

calculated using the 0-D closed homogeneous reactor (CHR) model. The conversion of fuel to 

equilibrium products like carbon dioxide and carbon monoxide through reactions is discussed 

using sensitivity analysis. Chemical kinetic analysis is carried out to understand the rate of 

production and consumption of different species of the reaction. CFD analysis is conducted using 

RANS (realizable k-ε) model to study the combustion reaction distribution, flow characteristics, 

temperature profile and emissions. Non-premixed turbulent combustion is usually simulated with 

an assumed PDF model. It predicts the formation of intermediate species and accounts for the 

dissociation effects as well as coupling between turbulence and chemistry. For simplicity as well 



as for its robustness and more economical nature, β function PDF model is used in this study 

because it most closely approximates the experimentally observed PDFs. Conserved scalar concept 

of mixture fraction is used that helps in separately solving the flow and chemistry problem. This 

model has been used successfully in the previous literature [41,42] to model non-premixed 

combustion. Pierce and Moin [43] have also used this method for high operating pressure 

environments. The flow pattern inside the combustor due to the swirl flow and various ranges of 

dilution and combustor pressure is presented. The variations of the peak temperature and heat 

accumulated inside the combustor with pressure and dilution are discussed. The mass fraction of 

CO and NO emissions are presented, and the influence of steam dilution and pressure on the 

emissions are discussed. 

2. Numerical Modeling 

A 3D conical combustor with four tangential air inlets is considered for the present 

numerical analysis. n-Dodecane is used as the fuel in this present computational study. The 

combustor is simulated for a 21.5 kW thermal input. The combustor developed by Reddy et al. 

[40] is adopted in the present study. Air enters the combustor through four tangential inlets and 

creates a swirl flow pattern that helps in achieving recirculation and enhanced mixing of fuel and 

oxidizer in the combustor. RANS model is used in the present study for this 3D geometry. 

Unstructured grid is adopted to mesh the 3D computational domain. The governing equations are 

solved using a pressure-based solver available in ANSYS Fluent. Pressure-velocity coupling is 

done with SIMPLE algorithm. The realizable k-ε model is used for turbulence modeling because 

of its stability and accuracy for analyzing turbulent flows. The second-order upwind scheme is 

used for the momentum, energy, mean mixture fraction and variance, whereas the first-order 



upwind scheme is used for turbulent kinetic energy and dissipation rate. The scaled residual for 

continuity is set to 10-4, and for the rest of the parameters, residuals are set to 10-6. 

 

Fig. 1. (a) Computational domain (b) Schematic representation of tangential air inlets. 

In the present study of spray combustion, discrete fuel particles and combustion reaction 

zone, which is treated as a continuum, are considered together. The spray characteristics are 

modeled with discrete phase model (DPM) to track the fuel droplets. The droplet diameter and the 

velocity of the droplets are chosen as per the experimental analysis done by Reddy et al. [13]. The 

pressure inside the chamber is varied from 1 to 20 atm, while steam dilution is varied from 0% to 

20% (by mass) replacing nitrogen from the air. Thus, constant equivalence ratio is maintained 

considering only oxygen as the oxidizer. The oxidizer is supplied at a preheating temperature of 

550 K whereas the fuel spray is supplied at 300 K. The DPM model adopted here uses Lagrangian 

reference frame and Eulerian reference frame to solve the properties of the discrete phase and 

continuous phase, respectively, using RANS equations.  The mass flow rate of fuel supply is 

maintained constant at 4.78×10-4 kg/s for all operating conditions.  Spray injection of fuel with 

Rosen Rambler correlation is used. The minimum and maximum droplet diameters are 5 and 45 



µm, respectively, and the Sauter Mean Diameter is 20 µm. The velocity of the droplets is 

maintained at 70 m/s. The spray cone angle used here is 45o. The location of the injection is at a 

distance of 10 mm from the bottom wall of the combustor. The wall temperature is set to 800K in 

the present study. This boundary condition is adopted in the work of Reddy et al., [40] where the 

aim was to obtain MILD combustion characteristics. The air-fuel mixture is preheated to above 

the self-ignition temperature to achieve MILD combustion so that the emissions are decreased 

significantly. The parameters used in the present study are considered after validating the work of 

Reddy et al. [40]. The inlet port diameter for airflow is varied for different pressure conditions, as 

shown in Table 1, to maintain the momentum of air inlet constant. This balances the density 

variation with pressure.  

Pressure (in atm) Inlet port diameter for 

air flow (in mm) 

Density of air (in 

kg/m3) 

Mass flow rate of 

oxidizer (kg/s) 

1 7.000 0.639056356 1.784×10-3 

5 3.130 3.195281781 1.784×10-3 

10 2.214 6.390563562 1.784×10-3 

15 1.807 9.585845343 1.784×10-3 

20 1.565 12.78112712 1.784×10-3 

 

Table. 1. Variation of inlet airflow conditions at different pressure conditions 

 The present work is carried out to study the effect of steam dilution on emissions in devices 

like industrial burners, swirl combustors in gas turbines where kerosene, Jet-A fuel are commonly 

used. Generally, kerosene is composed of straight-chain n-alkanes in major proportion followed 

by a small percentage of unsaturated hydrocarbons and aromatics. Chemical kinetics of kerosene 



is difficult to comprehend because of the presence of these large number of hydrocarbons and high 

carbon number of the fuel. Hence, one formula fuel model is preferred by many researchers to 

avoid complexity. Any chemical formula for kerosene is just a kind of indication and doesn't have 

a strict meaning [44]. Some of the single surrogate species adopted to represent kerosene in the 

literature are C10H22, C12H23, C12H26. The physical properties of n-dodecane are very similar to JP-

7, which is a variant of kerosene, over a wide range of temperature [45].  JP-8 fuel has also been 

modelled by many researchers [46–48] using various surrogates containing n-dodecane as the 

major constituent. They found their respective surrogates to effectively capture the experimental 

results for a particular class of kerosene. Researchers have adopted n-dodecane as the surrogate 

fuel for the study of diesel engines for which the detailed mechanisms are reduced to a skeletal 

mechanisms [49,50]. Luo et al., [50] have reduced the detailed mechanism for n-alkanes with 2755 

species and 11,173 reactions to a skeletal mechanism consisting of 105 species and 420 reactions 

using Direct relation graph with expert knowledge (DRGX) and sensitivity analysis. A good 

prediction for ignition delay and lift-off height was found between the reduced and master 

mechanism. Thus, nC12H26 is adopted as the fuel in the present study because of its presence in 

practical application devices. 

The present numerical model is validated by comparing temperature profiles from the 

Experimental work of Reddy et al. [40], as shown in Fig. 2(a). The temperature profile is taken in 

the radial direction at the axial location of x = 120 mm. The case for a thermal intensity of 5.37 

MW/m3 with no chamfer angle [40] is adopted here for validation purpose. The temperature 

profiles match perfectly except for the near-wall locations where the realizable k-𝜀 model slightly 

overpredicts the temperature compared to the experimental results of Reddy et al. [40] (Fig. 2a). 

However, the deviation is less than 3% which shows that the realizable k-𝜀 model is accurate 



enough to capture the flow behavior due to the swirling motion. Fig. 2(b) shows the emissions of 

CO, NO and UHC (Unburned Hydrocarbons) from the combustor at different equivalence ratios. 

Results show a good match of present computational results with experimental data [40] at near 

stoichiometric mixture condition, whereas slight deviation is observed for lean mixture conditions. 

CO and NOx emissions from the computational study are matching well with the experimental 

study. However, numerical computations underpredict UHC emissions. UHC production depends 

upon the non-homogeneous and incomplete combustion in the combustor. The peak temperature 

established in the computational, as well as the experimental conditions from Reddy et al., [40], 

are very low. The experiments were conducted to achieve MILD combustion. The low temperature 

observed in this technology increases the UHC.  Modelling combustion phenomenon ensures more 

homogeneous and complete oxidation of hydrocarbons. Further, PDF calculations are preferable 

for fast reactions. Formation of UHC is a slow reaction process and thus is not accurately captured 

in the present study. NOx calculation which are also slow reactions is solved using post-processing 

utility, therefore, giving us a good match with the experimental results. A mesh-independent 

solution was achieved using the gradient-based adaption of OH species. OH species is chosen 

because of its high affinity towards fast chemical reactions which is a representation of the 

combustion process. The 10% cells with the steepest gradient are marked for grid adaption. The 

number of cells for which grid independence was found is 2.7 million. 



 

Fig. 2. (a) Radial profiles of temperature at an axial length of x=120 mm. (b) Emissions in ppm 

3. Chemical Kinetic Model:  

Mechanism files proposed by Westbrook et al. [51] are adopted for the Chemical kinetic 

model. These mechanism files are recommended for fuels with carbon numbers C8-C16. Since 

steam and its dissociated radicals take part in important chemical reactions during the combustion 

process, it is imperative to study the chemical kinetics in detail. An open 0-D reactor model (PSR) 

is utilized to study the effect of steam dilution on the rate of production and consumption of 

radicals and its influence on emissions. In the present combustor, huge recirculation is observed 

due to the swirl flow. It is assumed that there is no interaction of micro-mixing (due to high 

turbulence) with the chemical kinetics because of very fast mixing. Hence, the perfectly stirred 

reactor (PSR) model is used to analyze the dissociation of fuel (nC12H26) and emission formation 

pathways. This model assumes steady-state and no spatial and temporal variation in parameters 

because of high mixing rates. Hence, the transport properties are neglected. Important parameters 

such as the gas mixture compositions that enter the reactor and the residence time control the 

chemical state of the PSR model. In the present study, the perfectly stirred reactor model has only 



inlets and outlet duct with the reactor volume being the same as the combustor volume. The present 

chemical kinetic analysis is focused on the chemical pathway for the effect of pressure and steam 

dilution on the combustion of dodecane. The reactants are supplied at an elevated temperature of 

1300 K, which is higher than the auto-ignition temperature so that ignition can take place. 

The ignition delay is an important parameter that influences the reaction distribution. Larger 

ignition delay ensures greater air entrainment in the combustion zone. This enhances recirculation 

which then increases the residence time. Complete combustion takes place at larger residence time. 

As a result, UHC emissions are reduced.  More homogeneous combustion takes place at a larger 

ignition delay period. This reduces the peak temperature, which significantly influences NOx 

emissions.  Closed homogeneous reactor (CHR) model is used to study the variation in the ignition 

delay with pressure and dilution. Researchers [34,52,53] have identified the kinetics related to the 

ignition delay for hydrocarbons using constant volume, zero-dimensional adiabatic reactor model. 

The crucial methods to estimate the ignition point (time) are as follows: the instance at which 

certain species or luminous radiation is first observed or concentration of certain species reaches 

the maximum value, or the rate of increase in temperature reaches a certain user-defined value. In 

the present study, ignition delay in the reaction zone is found out by analyzing the temporal 

evolution of OH and temperature in the reactor. Presence of OH radicals is indicative of reactions 

taking place at such high-temperature conditions since these are very short-lived fast-reacting 

radicals. Thus the onset of OH radicals in significant number and therefore, the sudden rise in 

temperature shows the initiation of the combustion process.  Both PSR and CHR models are 

operated for all the range of pressure and dilution levels. No surface chemistry is assumed in both 

PSR and CHR models. 

 



 



Fig. 3. Effect of dilution on UHC emissions at different oxidizer conditions where steam replaces 

(a) N2 only (case (i)), (b) O2 only (case (ii)) and (C) N2 and O2 equally (case (iii)). 

Initially, Chemical kinetic analysis is carried out to determine the effective choice of steam 

dilution. Three different possible dilution options are (i) steam replacing N2 (ii) steam replacing 

O2 and (iii) steam replacing N2 and O2 equally. Addition of steam as a diluent in any of the above 

three ways can be realized easily by supplying each constituent gas through the individual tank for 

their practical application. The aim of the present study is to understand the effect of steam dilution 

keeping the mass flow rate of the oxidizer constant. The unburned hydrocarbon (UHC) emission 

for all the above cases is shown in Fig. 3. When steam replaces 20% oxygen by mass, combustion 

does not occur (i.e. 3% O2 in MILD combustion). Hence, all the cases are shown up to a 15% 

dilution level. It is observed that with increased steam addition, the UHC emission increases for 

all cases. Steam dilution reduces the temperature in the combustor, which is responsible for the 

incomplete burning of hydrocarbons. This increases the UHC emission with steam dilution. 

However, the UHC levels in case (i) are very low. At 1 atm pressure and a steam dilution range of 

0 to 15 %, the UHC emissions increased from 5.32 ppm to 12.74 ppm and from 5.32 to 4.36×104 

ppm for cases (i) and (ii), respectively. For a pressure of 20 atm, the UHC emission increased from 

0.06 to 0.15ppm for case (i) and from 0.06 to 5.06×104  ppm for case (ii). It is found that the UHC 

emissions are of intermediate values for all cases when steam replaces N2 and O2 simultaneously 

(case (iii)). The UHC emissions are reduced with increasing pressure for case (i) and (iii) for all 

dilution levels, and the counter effect is observed for case (ii) at only high steam dilution cases. It 

is noted that for case (ii) and (iii), the rate of formation of the UHC emissions is higher for the 

steam dilution greater than 10%. This is due to the low availability of O2, which prevents the fuel 



from burning completely. In the present study, steam is added as a diluent by replacing nitrogen 

(case (i)). 

4. Results and Discussions 

4.1.Chemical Kinetics 

The combustion of nC12H26 to the equilibrium products is discussed in this section. The 

Westbrook Mechanism[51] is compared with the experimental results from the literature[54–

56] for ignition delay calculation of n-dodecane at different equivalence ratio and pressure 

conditions, as shown in Fig. 4. The ignition delay prediction at high-temperature conditions is 

matching better with literature compared to ignition delay times at low-temperature conditions. 

Since all the computations are in high-temperature zones, the prediction of Westbrook 

mechanism is pertinent for this study. The chemical kinetics analysis to study the effect of 

steam dilution and pressure on the reaction pathway from C12H26 to CO2 is broadly divided 

into three sub-sections: (1) Fuel cracking to olefins, (2) olefins to carbon monoxide and (3) 

carbon monoxide to carbon dioxide. Chemical kinetic analysis was carried out for two extreme 

(low and high) cases to understand the effect of the pressure and steam dilution on the reaction 

rates. The four cases are as follows: (a) with no dilution at atmospheric pressure; 

1atm_0%H2O, (b) with 20% steam dilution at atmospheric pressure; 1atm_20%H2O, (c) with 

no dilution at 20 atm pressure; 20atm_0%H2O and (d) with 20% steam dilution at 20 atm 

pressure; and 20atm_20%H2O.  



 

Fig. 4. Comparison of the ignition delay estimation from Westbrook mechanism for dodecane with 

literature at different pressure conditions. 

4.1.1. Fuel cracking to olefins: 

The combustion process is initiated with the cracking of the fuel from a higher carbon number 

species to a lower carbon number species [33,35]. Only 7 primary reactions are shown in Fig. 5 

representing the dissociation of C12H26. It is observed from the reactions involved in the 

decomposition of C12H26 that fuel cracking occurs without the help of oxygen and is a thermally 

driven process. Similar conclusions were also drawn by Malewicki and Brezinsky [57] in their 

experimental and modeling study using n-decane and n-dodecane as fuel. However, at high-

pressure conditions, it is observed that OH helps in the dissociation of C12H26 through hydrogen 

abstraction (not shown in Fig. 5). Thus, steam dilution is found to have a small effect on the 

dissociation of C12H26 to olefins at high-pressure conditions only. Nevertheless, the crucial impact 

is observed in the second and third stages of olefin transformation to CO and CO2.   



 

 

Fig. 5. Fuel cracking through different reactions at different pressure and dilution conditions. 

The reaction pathway from C12H26 to CO and CO2 is shown in Fig. 6. Only 12 species are 

considered to show the reaction pathway for better clarity. Species C2H4 is produced directly 

through dissociation of C12H26 via single-step reactions with C2H3 radicals. However, the most 

predominant path to form C2H4 is via the formation of C6H13-1 radical. The reaction for 

dissociation of C6H13-1 to C2H4 has the highest negative sensitivity when considering the 

production of C6H13-1 species (not shown here). The subsequent important reaction is the 

conversion of C6H13-1 to C6H13-2, and this reaction has also got high negative sensitivity and rate 

of conversion for species C6H13-1. C6H13-2 then dissociates to C3H6, which has the highest rate of 

decomposition and negative sensitivity for C6H13-2. These species subsequently dissociate to C2H2 

molecule directly or through dissociating to C2H3 species firstly. The reactions comprising species 



with more bold arrows between them have a higher rate of production and sensitivity. Therefore, 

it becomes essential to study the production rates of species such as C2H4, C3H6 and C2H2. 

 

 

Fig. 6. Reaction pathway of C12H26 to oxides of carbon 

4.1.2. Olefins to CO 

The rapid rate of production of olefins (C2H4, and C3H6) from higher carbon species and 

the rate of consumption of olefins to form lower carbon species is a favourable pathway for the 

further oxidation of CO to CO2. The olefins mentioned above oxidize to CO by dissociating to 

C2H2 initially. C2H2 burns directly or reacts through the HCCO path to form CO. The rate of 

production and sensitivity analysis for species C2H4, C3H6 and C2H2 are shown in Figs. 7, 8 and 9, 



respectively. Fig. 7(a), 8(a) and 9(a) show the important chemical reactions affecting the rate of 

production of C2H4, C3H6 and C2H2 species, respectively. The chamber pressure and steam dilution 

have a crucial effect on the further breakdown of these olefins to lower hydrocarbon species. The 

sensitivity analysis of species (C2H4, C3H6 and C2H2) is shown in Fig. 7-9(b). It can be deduced 

that the dissociation reactions of larger carbon species to lower carbon species are highly 

significant. The reactions between OH radicals and the stable species, such as C2H4, C3H6 and 

C2H2, are highly sensitive to produce more reactive species, such as C2H3, C3H5-a, HCCO, and H. 

For instance, Fig. 7(b) shows that the reactions R (13) and R (14) involving the dissociation of 

C2H4 to C2H3 in the presence of H and OH radicals are critical. Steam dilution produces species 

such as H and OH which helps in the production of reactive radicals that support the dissociation 

of olefins (R (21) of Fig. 7(b), 8(b) and 9(b), respectively). C2H2 reacts with O to form HCCO, as 

shown in R (38) of Fig. 9(a), and has a negative sensitivity coefficient (Fig. 9(b)). HCCO is the 

intermediate species which reacts with species like H, O, O2 to form CO and CO2. C2H2 also 

directly reacts with O to form CO. This shows that unsaturated hydrocarbons are essential species 

producing CO. The dissociation reactions have higher sensitivity for higher dilution cases, thus 

dilution aiding in a faster progression of kinetics. This phenomenon is more noticeable at higher 

pressures than at the atmospheric pressure.  

 

  



 

Fig. 7. (a) Production rates and (b) sensitivity of C2H4 species at different pressure and dilution 

conditions. 

  



Fig. 8. (a) Production rates and (b) sensitivity of C3H6 species at different pressure and dilution 

conditions.  

 

Fig. 9. (a) Production rate and (b) Sensitivity of C2H2 species at different pressure and dilution 

conditions. 

4.1.3. Oxidation of CO to CO2 

The sensitivity of CO species is shown in Fig. 10(a). It is observed that CO is oxidized to 

CO2 primarily through the reaction: CO+OHCO2+H, which has the highest sensitivity (R (19) 

of Fig. 10 (a)). The role of H2O species is important because of its direct influence on the 

generation of the OH radicals through reactions such as R (17),  O+H2O2OH (shown in Fig. 

10(b)). The reaction H+O2OH+O also positively affects the CO2 production rate through the 

release of OH and O radicals. At high pressure and high dilution (more H2O availability), the 

reactions (1) H2O+MH+OH+M and (2) CO+HO2CO2+OH also have a prominent effect on 



the oxidation of CO to CO2. HO2 species is predominantly formed from the termolecular reaction 

H+O2+MHO2+M. The probability of occurrence of the termolecular reaction increases with 

increasing pressure, because of larger collision frequency due to low mean free path available at 

high pressure. This condition allows species in the termolecular reactions to collide under the ideal 

steric orientation to react. Thus, steam dilution directly affects the chemical kinetics of the 

conversion of olefins to CO and CO to CO2. 

 

Fig. 10. Sensitivity analysis for (a) CO and (b) OH species 

4.1.4. NOx Pathway: 

NOx formation takes place by three mechanisms [58]: prompt mechanisms, nitrogen oxide 

mechanism and the thermal mechanism. Thermal NOx is formed due to the dissociation of N2 

molecule, which requires high activation energy because of its triple bond. The required activation 



energy of ~76 kcal/mol is available when the flame temperature is ~ 1800K, which initiates the 

dissociation of N2 and the subsequent NOx formation. Fenimore [59] identified prompt NOx while 

studying laminar premixed ethylene-air flames. When the local concentration of nitrogen oxides 

was extrapolated back to the zero time, a positive intercept was observed which suggests that NO 

is formed at a very fast rate for a small duration near the primary reaction zone. This is the result 

of the hydrocarbon-plus-nitrogen mechanism. In the present study, analysis is done only for NO 

species to understand the NOx pathway and emissions. The effect of steam addition on the 

formation of NO can be realized by considering the reactions involving OH radicals and species, 

including nitrogen atoms and the reaction temperature. The important elementary reactions 

involving NO are as follows: 

N2 + O NO + N          R (64) 

N + O2 NO+O          R (53) 

N + OH  NO + H          R (55) 

HCCO + NO  HCNO + CO        R (59) 

H + NO + M  HNO + M         R (54) 

The NO formation depends upon the availability of species N (Reaction R (53, 55)). The 

rate of production and sensitivity analysis of NO at different dilution and pressure are shown in 

Fig. 11.the sensitivity analysis from Fig. 11(d) shows that R (53) is not a predominant pathway to 

produce NO. The main elementary reactions for the consumption and formation of NO at 1 atm 

are R (55) and R (59), respectively. It can be seen from the sensitivity reactions of NO, R(63) 

R(55) and R(59)are the only reactions directly contributing towards the production/consumption 

of NO, at atmospheric conditions. R(63) and R(55) are essential because of their direct role in the 



thermal NO formation. Since thermal NO is the principal constituent of total NOx (~80%), these 

reactions have direct influence. The rest of the reactions are the subsidiary reactions whose reaction 

rates affect these essential reactions. It is therefore observed that OH radicals play a crucial part in 

the NO species concentration. The rate of production of NO for different conditions in Fig 11 (a, 

b, c) shows different reactions being responsible for producing NO at different dilution and 

pressure conditions. The formation of N radicals also depends upon the concentration of CH 

species; important elementary reactions are[60]: 

OH + CO2 CH + H2O         R (65) 

CH + H2O  H + CH2O         R (66) 

CH + N2 HCN + N          R (61) 

The formation rate of CH reduces with steam addition (through R (68-69), which could be due to 

the Le Chatelier principle [60]. The reduced concentration of CH reduces the formation of N 

radicals through reaction R (61). The addition of steam restricts the reactions involving the 

formation of species that first produce N radicals.  Addition of steam increases the sensitivity of 

this reaction, as shown in Fig. 11(d), leading to a greater amount of N radicals formed. This will 

increases the NO formation. However, the addition of steam reduces the peak temperature and thus 

NO formation through thermal pathway [R (64), R (53), R (55)], which accounts for the most NO 

formation, reduces drastically. Thus, overall NO formation reduces with dilution. At high-pressure 

conditions, R (61) is inhibited, and thus the availability of N radicals gets reduced. This reduces 

NO formation at high-pressure conditions. 



  

 

Fig. 11. (a,b,c) Production rate and (d) Sensitivity of NO species at different pressure and dilution 

conditions. 



4.2. CFD Analysis 

Computational simulation with the implementation of the chemical reaction mechanism 

and thermal data files in the CFD code is expensive for complex swirl flow combustion in 3D 

geometry. Fuel spray and droplet evaporations make the problem extremely complicated. Thus a 

single PDF-based model is adopted to incorporate the chemistry for this present study. Due to the 

swirl flow in the chamber, reactants and products recirculate in the combustor. The recirculation 

is a pure function of the swirl intensity and operating pressure of the combustor. The mass of 

reactants and products interaction at any cross-sectional plane (x-y) along the length of the 

chamber (z-axis) is realized by defining the term "accumulated mass ratio" as shown in Fig. 12. 

𝑅𝑚−𝑎𝑐𝑐𝑢𝑚. =  
�̇�𝑡𝑜𝑡_𝑝𝑙𝑎𝑛𝑒−�̇�𝑟𝑒𝑎𝑐𝑡

�̇�𝑟𝑒𝑎𝑐𝑡
        (1) 

Where �̇�𝑟𝑒𝑎𝑐𝑡 is the sum of the mass flow rate of the fuel supplied and oxidizer at the inlet and 

𝑚𝑡𝑜𝑡_𝑝𝑙𝑎𝑛𝑒̇  is the total mass flow rate of all the species crossing a plane in both the positive and 

negative x-directions and is defined as 

�̇�𝑡𝑜𝑡_𝑝𝑙𝑎𝑛𝑒 = ∫ 𝜌|𝑢|𝑑𝐴            (2) 

The integration is performed over the x-face area for each cell on the plane. The accumulated mass 

ratio represents the residence time of the gases and the intensity of recirculation in the combustor. 

It is observed from the peak as well as the width of the accumulated mass ratio in Fig. 12 that, with 

an increased operating pressure of the combustor, the residence time of the mixture of gases 

increases. Almost ten times greater accumulation is observed for 20 atm pressure compared to the 

case of atmospheric pressure. For all pressure variation cases, the peak of the accumulated mass 

ratio is found at the same location (x = 0.06 m) of the combustor.  



  

Fig. 12. Variation in the accumulated mass ratio for different operating pressures 

4.2.1. Temperature variation 

The variation of the temperature distribution for different dilution conditions (0 to 20% 

steam) at 1 atm pressure is shown in Fig. 13. It is observed from computational simulations that 

the peak temperatures inside the combustor, as well as the average temperature at the outlet of the 

combustor, are reduced with increased steam dilution. The high-temperature zones decrease with 

increased steam dilution since steam can absorb more heat without a rise of temperature. Along 

with the effect of steam dilution, the tangential air input produces recirculation inside the 

combustor, which distributes the reaction in the radial and axial directions. 



 

Fig. 13. Temperature contours for (a) 0% (b) 5% (c) 10% (d) 15% and (e) 20% steam dilution at 1 

atm. 

The ignition delay of the diluted mixture has a crucial role in the distributed reaction in the 

combustor. The ignition delay for all cases of different dilution and chamber pressures are shown 

in Fig. 14. The ignition delay of the mixture is noted either when the reaction reached peak OH 

mass fraction or when the change in temperature is 400 K (not shown here). However, there is no 

significant difference observed between the two methods mentioned above. The ignition delay 

decreases mildly with increasing dilution levels. The ignition delay decreases from 4.57×10-4 s to 

4.40×10-4 s and 6.04×10-5 s to 5.77×10-5 s at 1 atm and 20 atm respectively, with steam dilution 

varying from 0% to 20 %. Addition of excess steam generates reactive radicals like H and OH, 

which help in the reaction initiation process. This results in a faster onset of ignition route. 

However, the peak temperature inside the combustor also reduces with dilution, as shown in Fig. 

15(a). Therefore, the energy available as the activation energy for chain branching reactions like 

H + O2 = H + OH diminishes. This counters the decrement in the ignition delay due to the 

availability of reactive radicals. Thus, steam dilution has a minimal effect on ignition delay.  

 



 

Fig. 14. Ignition delay at different pressure and dilution levels computed using the peak OH level  

The peak temperature of the flame represents the reaction and heat distributiveness for a 

particular operating condition. The variation in the peak temperature and the average temperature 

at the combustor outlet are shown in Fig. 15(a). The peak temperature is reduced from 2102 K to 

1920 K at 1 atm and from 1380 K to 1330 K at 20 atm with steam dilution varying from 0% to 

20%. With increased dilution at constant pressure, the outlet temperature is reduced, as shown in 

Fig. 15(a). Correspondingly, the average temperature decreases from 1585 K to 1383 K with the 

steam dilution increasing from 0% to 20% at 1 atm pressure. However, with increasing pressure, 

the ignition delay is reduced, leading to combustion reactions being localized in a narrow zone 

[53]. The mean free path gets reduced at higher pressure conditions, and thus, the reaction zone 

becomes smaller. The collision frequency gets higher because of availability of reacting species at 

close proximity. This helps in faster reaction initiation process through hydrogen abstraction 

process, which results in shortening of ignition delay time. When the pressure is increased from 1 

atm to 20 atm, the ignition delay decreases from 4.57×10-4 s to 6.04×10-5 s, under no dilution 



conditions. In contrast, for the 20% dilution case, the ignition delay decreases from 4.40×10-4 s to 

5.77×10-5 s. The effect of pressure increase not uniform and is more predominant for pressure less 

than 10 atm. The swirling motion given by the tangential oxidizer does not have sufficient strength 

to widen the reaction zone under high-pressure conditions, which results in the peak temperature 

increased with pressure. Variation of specific heat capacity (Qc) of the combustor with pressure is 

shown in Fig. 15(b). Specific heat capacity increases with increasing pressure, which increases the 

temperature inside the combustor, as well as, thespecific heat capacity increases with increasing 

steam dilution rapidly. The effect is uniform for each pressure conditions. At high pressure, the 

mass accumulated is high, as shown in Fig. 12. Since the wall is maintained at a constant 

temperature, the amount of heat dissipated is also high. This leads to lower peak temperatures and 

higher average temperatures at the outlet of combustor at high pressures. 

 

  

Fig. 15. (a) The average temperature at the outlet (dotted lines with open symbols) and peak 

temperature (solid lines with closed symbols) (b) Specific heat capacity at different pressure and 

dilution levels. 



 

4.2.2. Emissions 

The formation rate of the major radicals and species is an important parameter to determine 

the chemistry behind the formation of pollutants. To this end, volumetrically averaged species 

mass fractions of emissions are analyzed. OH radicals are highly reactive, and their presence 

indicates the occurrence of combustion reactions. Figure 16(a) shows that the addition of steam 

reduces the species mass fraction of OH radicals. The mass fraction of OH radicals decreases with 

increasing pressure since the peak temperature of the combustor is in inverse relation with the 

pressure. As can be intuitively predicted, the mass fraction of H2O species increases with dilution. 

However, there is no significant change with increasing pressure, as shown in Fig. 16(b). 

 

Fig. 16. Mass fraction of (a) OH radical and (b) H2O species at different pressure and dilution 

levels. 

CO emissions: 



The variation of CO mass fraction contours for different pressures and no dilution (0% 

steam) is shown in Fig. 18. With increasing pressure, CO emission decreases. At high pressure, 

the mass fraction of OH radicals is reduced, as shown in Fig. 16(a). From the discussions in section 

4.1.3; R (19) is the significant reaction which affects the emissions of CO (Fig. 16(a)). This reaction 

has got a negative sensitivity towards OH production at high pressure. However, at low pressure, 

it has got a positive sensitivity on OH production rate. Thus, the conversion of CO to CO2 is 

inhibited at high-pressure conditions. This can also be seen from the contours of the CO mass 

fraction at different pressure conditions, as shown in Fig. 17. This effect can also be seen by the 

simultaneous increment in CO2 mass fraction at high pressure, as shown in Fig. 18(b). Figure 18 

shows the peak values of CO and CO2 mass fraction for all the conditions adopted in this present 

study. The trends of CO and CO2 variation are opposite to each other, which suggests the high 

sensitivity towards a particular set of reactions. With an increase in dilution, the OH radicals have 

high positive sensitivity, as shown in Fig. 10(b), which increases the availability of OH radicals 

required to oxidize CO to CO2.  

  

Fig.17. Contours of the mass fraction of CO at (a) 1 atm (b) 5 atm (c) 10 atm (d) 15 atm and (e) 

20 atm.   



 

Fig. 18. Mass fraction of (a) CO2 and (b) CO at different pressure and dilution levels. 

NO emissions: 

In the present CFD study, NOx is evaluated using post-processing utility. Thermal and prompt NOx 

are measured, whereas fuel NOx and re-burning is neglected in this study. Thermal and prompt 

NOx estimation are carried out by solving the transport equation of NO species only: 

𝜕

𝜕𝑡
(𝜌𝑌𝑁𝑂) + ∇. (𝜌�⃗�𝑌𝑁𝑂) = ∇. (𝜌𝐷∇𝑌𝑁𝑂) + 𝑆𝑁𝑂            (3) 

 Thermal NOx is determined using the extended Zeldovich mechanism consisting of highly 

temperature-dependent reactions. Steam dilution affects the NOx formation pathway through 

chemical reactions. Thus, Prompt NOx formed from hydrocarbon radicals CH, C2H, CH2 etc. are 

also significant. The addition of steam decreases the OH concentration (Fig. 16(a)), which plays a 

crucial role in NO formation through N radicals. From section 4.1.4 it is observed that the addition 

of steam also restricts the reactions involving the formation of CH species that first produce N 

radicals. The mass averaged rate of NO formation in the combustor decreases with increasing 

pressure at all dilution levels, as shown in Fig. 19(a). The rate of NO decreases from 6.26×10-7 to 



1.44×10-12 kmol/m3-s with increasing pressure from 1 atm to 20 atm under no dilution conditions. 

With an increase in steam addition, the temperature reduces, which reduces the thermal NOx. The 

rate of NO formation decreases from 6.26×10-7 to 3.65×10-8 kmol/m3-s at 1 atm. 

 

Fig.19. (a) Volumetric averaged rate of NO formation (b) Mass fraction of NO at the outlet 

Mass fraction of NO at the outlet shows a similar observation, as shown in Fig. 19(b). 

Biagoli and Güthe [61] identified two different mechanisms of NOx formation for natural gas: (1) 

"prompt" NOx and (2) post-flame NOx. Post-flame NOx is found to increase with increasing 

pressure, whereas prompt NOx decreases with increasing pressure. With the pressure, the NO 

formation decreases due to the lower formation rate of N radicals from the CH species (sec-4.1.4). 

The NO formation is reduced considerably with steam dilution because of the combined effect of 

the reduction in the flame temperature (thermal NOx) and through the Fenimore mechanism. NO 

mass fraction decreases from 2.04×10-5 to 7.60×10-7 at 1 atm and from 3.43×10-11 to 3.24×10-12 at 

20 atm with dilutions varying from 0 to 20%. This result shows that with steam dilution, significant 

NO reduction is possible. 

 



Soot emissions: 

Soot emissions adversely affects the health of human population. It is observed that steam addition 

has a significant impact on the temperature distribution and OH radicals in the combustor, as 

shown in the previous sections, upon which net soot formation rate is primarily dependent on. A 

preliminary study is carried out for soot modelling with steam dilution in the present combustor at 

atmospheric pressure condition. The governing transport equations, involving Soot number density 

(N) and Soot mass concentration (M) are provided in the supplementary material. The numerical 

model is first validated with the numerical work of Ghose et al., [62] and experimental results of 

Young et al., [63] as shown in Fig. S1 of supplementary material. The computations for the 

validation were conducted on the geometry and methodology adopted in Ghose et al., [62]. Soot 

modelling is done by incorporating the Brookes and Moss model. In the present work, acetylene 

is considered as the soot precursor where the correlation of mole fraction of C2H2 with the mixture 

fraction is adopted from the curve fitting flamelet data of Moss and Aksit [64]. The correlation 

values best matched to the experimental results as reported in Ghose et al., [62] are: 𝐶𝛼 = 648, 

𝐶𝛾 = 140400 and 𝐶𝑜𝑥𝑖𝑑 = 0.015. The deviation observed in Fig. S1 is because of the adoption of 

kerosene as the fuel and density-weighted joint PDF in the work of Ghose et al., [62] whereas in 

the present study dodecane is used as fuel with thermochemistry is represented with single PDF.  

Contours of Soot volume fraction with steam dilution from 0% to 20% at 1 atm is shown in Fig. 

S2 of supplementary material for the combustor geometry adopted in the manuscript. A 

considerable reduction in net soot formation, due to increased rate of oxidation, is observed with 

dilution. The OH radicals generated due to the steam dilution helps in the oxidation of soot 

particles through OH + (S) +C(B) = CO + H(S). The impact of the decrease in temperature due to 

the dilution is underplayed because of the enhanced oxidation rates due to the dilution. However, 



a detailed chemical kinetic analysis is needed to understand the role of steam dilution on radical-

radical recombination of soot formation as well as soot oxidation at high pressure conditions since 

soot formation is a complex science which is yet not completely been analyzed in these conditions.  

 

5. Conclusion 

The effects of high pressure and steam dilution on the combustion characteristics and 

emissions are studied in the present numerical and chemical kinetic studies. A closed 

homogeneous reactor model study shows that the ignition delay is reduced significantly with 

increasing pressure and marginally reduced with increasing dilution. A perfectly stirred reactor 

model is used to study the chemical kinetics of the combustion process in steam dilution. Steam 

affects important chemical reactions which have a considerable effect on the emission of 

pollutants. The realizable k-𝜀 model is able to capture the complex flow behavior due to the swirl 

flow motion generated due to tangential air input. A conserved scalar based model (𝛽-PDF) is 

adopted to model the combustion phenomenon in a diluted environment. At high pressure, mass 

accumulation is more considerable, which leads to higher dissipation of heat. Hence, as the 

pressure increases, the peak temperature decreases. The swirl strength is not sufficient to distribute 

the reaction zone at high pressures. Thus, to obtain a lower average temperature at high pressure, 

higher swirl conditions should be adopted.  

The rate of formation of OH radicals decreases with increasing dilution and pressure. 

Steam dilution reduces CO and NO formation. The addition of steam as a diluent enhances the 

oxidation rate of CO to CO2. Due to this effect, a more significant concentration of CO2 is observed 

with dilution. The peak mass fraction of CO decreases from 0.1332 to 0.0924, with steam dilution 

up to 20% at 1 atm. Steam dilution reduces the peak temperature inside the combustor by 182 K 



and 50 K at 1 atm and 20 atm, respectively, with dilutions up to 20%. The peak temperature reduces 

thermal NO, which depends upon the peak temperature reduction. Thus, overall NO formation is 

reduced with dilution. With steam dilution varying from 0% to 20%, NO mass fraction decreases 

from 2.04×10-5 to 7.60×10-7 at 1 atm and from 3.43×10-11 to 3.24×10-12 at 20 atm. Pressure also 

has a negative effect on the NO formation level. Preliminary study of soot formation shows that 

with dilution the oxidation rate of soot formation increases which reduces the soot volume fraction 

as steam addition increases. 
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