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Abstract: The air compression ratio in a modern aero engine has been significantly increased to 

enhance the engine’s thermal efficiency, thereby leading to high-pressure combustion with the com-

bustor pressure exceeding the fuel’s critical pressure (~23 atm for the aviation kerosene). In this 

work, large eddy simulations are conducted to investigate the effect of two air swirling injection on 

flow dynamics and turbulent combustion of kerosene-air in a dual-swirl model combustor at a su-

percritical pressure of 4 MPa. The flamelet progress-variable (FPV) model is applied to handle tur-

bulent/chemistry interaction, and the extended corresponding states (ECS) method is adopted to 

evaluate thermophysical property variations. Results indicate that the inner air swirler controls flow 

and chemical reactions inside the injector, while the outer air swirler exerts strong impact on flow 

and flame characteristics in the combustor. A precessing vortex core (PVC) is generated by the inner 

swirling flow, and its frequency increases significantly as the inner air swirler angle varies from 25° 

to 40°. A modified Strouhal number is proposed for PVC frequency analyses, which reveal that the 

PVC frequency is influenced by the inner swirl number and the maximum axial velocity in the inner 

injector. Results obtained herein would help gain fundamental understanding on swirling flow and 

flame dynamics at high pressures. 

Keywords: Gas turbine combustor; Large eddy simulation; Swirl number; PVC frequency; Strouhal 

number. 

 

1. Introduction 

A modern gas turbine engine is the highly efficient and reliable power plant em-

ployed in the aviation system. The engine’s compression ratio has been increased con-

stantly, reaching more than 40 [1], to improve its thermal efficiency [2]. This would result 

in high-pressure combustion at high-thrust conditions, with the chamber pressure above 

the critical pressure of the aviation fuel, which is at around 23 atm. 

Swirling air injection is commonly implemented in a gas turbine engine to enhance 

fuel-air mixing and flame stability [3], and therefore, the swirler angle exerts direct impact 

on fluid flows and flame dynamics in the engine combustor [4-6]. Many researchers have 

investigated the effect of air swirlers on turbulent flow and combustion in gas turbine 

engines. Huang et al. [7] conducted large eddy simulations in a lean-premixed swirl-sta-

bilized combustor with a single set of axial swirler vanes and analyze the effect of inlet 

swirling flow on turbulence intensity and flame speed. Li et al. [8] and Aliyu et al. [9] 

analyzed the effect of swirl number on flow dynamics and flame characteristics in a gas 

turbine model combustor. Wang et al. [10] studied the influence of multiple sets of air 

swirlers on vortical flow dynamics in a gas turbine injector and discussed the unsteady 

motion with different inlet swirling intensities. 
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As the combustion chamber pressure in a modern aero engine becomes higher than 

the fuel’s critical pressure, the supercritical-pressure fuel injection, mixing, and combus-

tion processes show different characteristics from those at a low-pressure. At a supercriti-

cal pressure, the surface tension of the fuel significantly decreases, and its heat of vapori-

zation vanishes. Consequently, the fuel-air mixing and combustion processes are con-

trolled directly by turbulent flows, with large variations of thermophysical properties [11]. 

A supercritical-pressure turbulent combustion model has recently been introduced for 

studying swirling flow and combustion in an aero engine model combustor at various 

chamber pressures and fuel-air equivalence ratios [6].  

Large eddy simulations are further conducted in this paper to study the effect of dual 

air swirling injection on swirling flow and turbulent combustion of the aviation kerosene 

and air in a dual-swirl model combustor at a high pressure of 4 MPa. This work focuses 

on analyzing the interactions of two air swirlers, with varied swirler angles, on high-pres-

sure flow dynamics and flame characteristics in an aero engine combustor. 

2. Numerical method 

A recently-developed high-pressure turbulent combustion model [6], based on the 

flamelet progress-variable (FPV) approach [12] with consideration of the general-fluid ef-

fect, is applied in the present numerical study.  

In this model, laminar counterflow flames are calculated using the flamelet equa-

tions, and the flame databases are generated using the presumed shape PDFs. Large ther-

mophysical property variations are evaluated using the extended corresponding states 

(ECS) method, based on the accurate properties of a reference fluid, propane [13,14]. A 

three-component surrogate model, which consists of 74% n-decane, 15% n-propylben-

zene, and 11% n-propylcyclohexane in volume, is used to represent the aviation kerosene. 

A detailed chemical reaction mechanism, containing 209 species and 1673 elementary re-

actions, is applied to handle chemical reactions [15].  

Model validations have been conducted in the prior publications [6,16]. Numerical 

results have shown good agreements with experimental data from both the swirling com-

bustion in a dual swirl model combustor at the atmospheric pressure and from the co-

axial combustion in a model rocket combustor at a high pressure of 5.6 MPa. Details re-

garding the numerical model, computational set-up, and model validations can be found 

in the reference [6] and its enclosed supplementary data.  

3. Results and discussion 

In this work, large eddy simulations have been further conducted to analyze the ef-

fect of two varied air swirler angles on swirling flow and turbulent combustion of the 

aviation kerosene and air in a dual-swirl gas turbine model combustor at a high pressure 

of 4MPa. Fig.1(a) shows the schematic of the combustor, which is chosen, with slight mod-

ification, from the work by Chrigui et al [17]. It consists of a cylindrical domain of 150 mm 

in length and 96 mm in diameter, and a contracted exit section of 40 mm in diameter. Fig. 

1(b) illustrates the injection system, which contains two radial air swirlers and a fuel noz-

zle with a diameter of 1 mm. The mean exit angles of the inner and outer swirlers are 

defined by α and β, respectively, as shown in Fig. 1(b). In the present work, two inner 

swirler angles, 40° and 25°, combined with two outer swirler angles, 45° and 30°, are stud-

ied. The mass flow rates of the fuel, inner swirling air, and outer swirling air are 17.96, 

141.44, and 212.16 g/s, respectively, maintaining an overall fuel-air equivalence ratio at a 

lean condition of 0.75. The fuel is injected at a temperature of 300 K, while the air at an 

increased temperature of 860 K, due to the compression-related heating. The other rele-

vant parameters can be found in the references [6,17].  

According to grid-independence studies [6], a set of computational meshes of 4.4 mil-

lion hexahedral cells, which are sufficiently refined in the injector and flame regions, are 

used in the present large eddy simulations. In the calculations, the computational time 



Eng. Proc. 2023, 5, x FOR PEER REVIEW 3 of 6 
 

 

step is set at 0.5 μs to ensure the maximum CFL number less than 1.0. The statistical results 

are collected after 10 flow-through time with over 30 ms.  

 

 

(a) (b) 

Figure 1. Schematics of (a) the model combustor and (b) the dual-swirler injection system 

3.1. Effect of the inner air swirler 

The effect of the inner air swirler angle on swirling flow and combustion is first cal-

culated and analyzed. 

Figs.2a and 2b show the time-averaged axial velocity variations, with the inner 

swirler angle (α) varied from 25° to 40° and the outer swirler angle (β) fixed at 45°. At an 

inner swirler angle of 25° (Fig.2b), a U-shaped central recirculation zone (CRZ) can be 

observed in the main combustor. As the swirler angle increases to 40° (Fig.2a), however, 

the CRZ extends upstream inside the inner injector, leading to a Y shape. 

 
Figure 2. Variations of the time-averaged axial velocity (the black line denotes the location at zero 

velocity) 

 

The swirling air injection exerts strong impact on turbulent combustion. Figs.3a and 

3b show the time-averaged temperature variations. At a larger inner swirler angle of 40° 

(Fig.3a), the stronger recirculating flow carries the hot combustion products back into and 

thus cause chemical reactions inside the inner injector. In the case at α=25° (Fig.3b), how-

ever, combustion and the flame exist only at the injector exit.  
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Figure 3. Variations of the time-averaged temperature 

 

The strong swirling flow generates a precessing vortex core (PVC), which originates 

in the inner injector [6]. The PVC-related flow oscillation is monitored and recorded at a 

location in the combustor with x = 11 mm and r = 12 mm (x=0 defined at the injector exit). 

Fast Fourier Transformation (FFT) is performed to obtain the oscillating frequencies. The 

main PVC frequency (f), as listed in Table 1, increases from 994 to 1736 Hz, as the inner air 

swirler angle increases from 25° to 40°, at an outer swirler angle of 45°. 

In this work, a modified Strouhal number, Src, is introduced for PVC frequency anal-

yses. 

   𝑆𝑟𝑐 =  
𝑓 𝑑𝑖𝑛𝑛𝑒𝑟 

𝑢𝑚𝑎𝑥
  (1) 

where dinner is the inner injector diameter, 𝑢𝑚𝑎𝑥 the maximum axial velocity in the inner 

injector. 

Calculations demonstrate that the modified Strouhal number, 𝑆𝑟𝑐 , is essentially pro-

portional to the inner swirl number, as confirmed by the following relationship: 

 𝑆𝐶 =
𝑆𝑟𝑐

𝑆𝑖𝑛𝑛𝑒𝑟
=  

𝑓 ∙ 𝑑𝑖𝑛𝑛𝑒𝑟 

𝑆𝑖𝑛𝑛𝑒𝑟∙𝑢𝑚𝑎𝑥
  (2) 

where the Sinner is the inner swirl number, defined as the ratio of the angular momentum 

flux to the axial momentum flux. 

As listed in Table 1, the calculated parameter, SC, is approximately a constant at 

around 0.8 for the two studied cases, with a relative difference less than 5%. This indicates 

that the PVC frequency is controlled mainly by the inner swirl number and the maximum 

axial velocity in the inner injector (Eqn.2). Therefore, at a larger inner swirler angle of 

α=40°, the combined effects of the increased inner swirl number and the local flow accel-

eration in the inner injector result in the increased PVC frequency (the PVC frequencies 

are presented in Table 1).  

 

Table 1. The modified Strouhal numbers and PVC frequencies 

Outer swirler angle (α) 45° 30° 

Inner swirler angle (β) 40° 25° 40° 25° 

Inner swirl number 𝑆𝑖𝑛𝑛𝑒𝑟 0.556 0.448 0.613 0.449 

Maximum axial velocity 𝑢𝑚𝑎𝑥 (m/s) 63.8 43.5 60.6 52.1 

PVC frequency (Hz) 1736 994 1763 1189 

Src 0.435 0.366 0.465 0.354 

SC 0.783 0.816 0.759 0.813 
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3.2. Effect of the outer air swirler 

The effect of the outer air swirler angle is also investigated. The outer air swirler angle 

varies from β=45° to 30°, with the inner swirler angle fixed at 40° or 25°. 

At α=40°, the time-averaged axial velocity distributions for two different β angles are 

presented in Figs.2a and 2c. For both cases, strong recirculation flow can be observed in-

side the inner injector. At the outer swirler angle of β=30°, the CRZ in the combustor 

changes to a bubble shape. This indicates that flow acceleration in the downstream region 

of the combustor is significantly weakened, as the outer swirler angle decreases.  

At α=25°, flow fields at the two different β angles are shown in Fig.2b and 2d. For 

both cases, the reverse flow in the inner injector disappears. A bubble-shaped CRZ can 

again be observed in the combustor at the outer swirler angle of β=30°. Results in Fig.2 

clearly demonstrate the strong impact of the outer swirler on the recirculating flow in the 

combustor. 

Figs.3a and 3c present the time-averaged temperature variations at the two different 

outer swirler (β) angles, at α=40°. Combustion occurs inside the inner injector in both 

cases, but at β=45°, flame moves slightly upstream. Figs.3b and 3d illustrate the tempera-

ture distributions at the two different β angles, at α=25°. Results show improved flame 

holding capability at an increased outer swirler angle of β=45°. 

The PVC-related parameters at two different outer swirler angles can also be found 

in Table 1. At α=40°, the PVC frequencies are approximately the same at the two different 

outer swirler angles. This is attributed to a balance between the varied inner swirl number 

and the varied maximum axial velocity. At a moderate inner swirler angle of α=25°, how-

ever, the PVC frequency increases from 994 to 1189Hz, as the outer swirler angle (β) de-

creases from 45° to 30°. This is due mainly to the increased maximum axial velocity in the 

inner injector. 

It is notable that the parameter, SC, remains essentially a constant in all of the four 

cases listed in Table 1, with a maximum relative error within 7%. 

 

4. Conclusions 

Large eddy simulations are conducted in this work to investigate the swirling injec-

tion and combustion of kerosene-air in a dual-swirl model combustor at a high pressure 

of 4MPa, above the critical pressure of kerosene. This work focuses on analyzing the effect 

of dual air swirling injection, with varied swirler angles, on high-pressure flow and com-

bustion characteristics. 

Results indicate that the inner air swirler controls the mixing process and chemical 

reactions inside the injector, and increasing the inner swirler angle would induce recircu-

lating flow and combustion inside the injector. The outer air swirler exerts strong impact 

on flow and flame characteristics in the combustor. As the outer swirler angle decreases, 

the central recirculation zone in the combustor changes into a bubble shape, owing to 

weakened flow acceleration in the downstream region of the combustor.  

A precessing vortex core (PVC) is generated by the inner air swirling injection, with 

the PVC frequency increasing significantly as the inner swirler angle increases from 25° 

to 40°. Changing the outer swirler angle, from 45° to 30°, makes only weak effect on the 

PVC frequency. At a moderate inner air swirler angle of 25°, the PVC frequency increases 

as the outer air swirler angle decreses.  

A modified Strouhal number is proposed in this work, and the detailed analyses of 

the Strouhal number indicate that the PVC frequency is controlled mainly by the inner 

swirl number and the maximum axial velocity in the inner injector. 
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