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In this paper, ignition and lean blowout (LBO) performance of an annular mixed-flow trapped vortex combustor (MTVC) were investigated under sub-atmospheric pressure. Experimental investigations were conducted to evaluate the ignition and lean blowout (LBO) performance under various sub-atmospheric pressure conditions. The findings indicate that MTVC has excellent ignition performance, the ignition pressure of the combustor can reach 35.3 kPa under ambient temperature, and the corresponding altitude is close to 8,000 m. As the pressure drops, the range of ignitable velocities diminishes, leading to increase in ignition fuel to air ratio (FAR) and LBO FAR. These shifts can be attributed to the more challenging combustion conditions and heightened inlet velocity resulting from reduced pressure. Notably, the ignition and LBO performance see substantial enhancements with rising temperatures. However, the positive impact of elevated temperature hardly compensated for the detrimental impact of lower pressure on ignition. There is minimal noticeable impact of the inlet Mach number on the ignition and LBO performance. Numerical simulations are carried out for both unreactive and reactive flow to verify the experiment results.
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INTRODUCTION
Aircraft engines must have the capability to restart while in flight at high altitudes, primarily for safety reasons. Initiating a startup at an altitude of 6,000 m, where ambient pressure can be as low as 47 kPa, presents one of the most challenging scenarios [1]. It is widely accepted that for every 100 m of altitude gained, both air temperature and pressure decrease by approximately 0.6 K and 0.786 kPa, respectively. According to a NASA report, combustion pulsation with significant noise occurs at altitudes above 6,000 m and atmospheric pressures below 47 kPa, leading to closely spaced Lean Blowout (LBO) and rich blowout limits [2]. Additionally, poor atomization due to sub-atmospheric pressure and low temperature exacerbates the challenges of re-ignition [3]. Hence, it is imperative to understand ignition performance and LBO limits at high altitudes with sub-atmospheric pressure to enhance overall aeroengine performance.
A preliminary investigation of the ignition capability of the reverse-flow combustor was conducted under low-pressure conditions by Okai et al. [4]. The study revealed that lower pressure conditions made ignition more challenging, resulting in reduced ignitable inlet flow and reference velocity. Linassier et al. [1] examined the ignition and LBO performance of a multi-sector combustor under high-altitude conditions. They observed that under low temperatures and pressures, LBO limits were slightly higher than ignition limits. He et al. [5] explored lean-rich fuel ignition limits and ignition delay times of a catalytic igniter in an afterburner under low-pressure conditions ranging from 0.04 to 0.12 MPa. Their findings indicated that as pressure decreased, the range of ignitable velocities narrowed, ignition delay times increased, and the fuel to air ratio (FAR) of the lean ignition limit expanded. According to their theories, air becomes diluted at low pressures, resulting in reduced rates of chemical reactions on the catalyst surface. Numerous researchers have conducted combustion experiments at high altitudes with low pressure, highlighting characteristics such as a slow combustion rate, low combustion efficiency, low flame temperature, small flame width, and low flame height [6–13].
Trapped Vortex Combustor (TVC) is an innovative combustion technique for aviation engines that has recently been developed. It utilizes trapped vortex technology, which has garnered increasing interest due to its excellent combustion properties and low pollutant emissions. The TVC features a concave cavity structure and a main combustion area, enabling graded combustion in different engine states. It efficiently reduces emissions, including nitrogen oxides.
The igniter of TVC is situated in the concave cavity area, ensuring superior ignition performance and resistance to blowout compared to other combustors [14, 15]. A well-designed cavity in a TVC creates a stable reflow zone over a wide operating range, enhancing combustion stability [14, 16]. Under specific conditions, it can form a double anti-rotating vortex within the cavity, remaining undisturbed by the main flow even at high inlet velocities [17–20]. Research on TVCs has yielded significant benefits for engine performance, including: 1) Extending the useful combustion efficiency range by 40% to over 99%; 2) Improving ignition, blowout, and relight performance by 50%; 3) Reducing NOx emissions by a factor of 5.5 compared to the 1996 ICAO requirement for advanced commercial engine cycles; 4) Offering a 40% larger working range than typical combustors [15, 21–23]. TVCs find widespread applications in primary combustors [24–26], afterburners [27], inter-turbine burners [28–31], ultra-compact combustors [32–36], and low-emission combustors [37–39]. (These characteristics make TVCs stand out as energy-saving and energy-conversion technologies. Recent studies on flame stabilization and cooling designs, such as those involving air-cooled bluff-body flameholders and jet-cooled wall flameholders, further highlight the importance of thermal management and flow control in maintaining combustion stability under extreme conditions [40, 41]).
An innovative turboshaft combustor, named mixed-flow trapped vortex combustor (MTVC), was developed and showcased in previous research conducted by the group. The MTVC was examined through a three-dome sector test bench, investigating aspects such as flow distribution, flow field characteristics, fuel-air arrangement, and structural attributes [15, 20, 21]. Sub-atmospheric pressure conditions refer to pressures below the standard atmospheric pressure at sea level (101.3 kPa or 1 atm). When operating a combustion system under sub-atmospheric pressure conditions, several factors can come into play that might influence the ignition and lean blowout performance of MTVC. The primary focus of this paper lies in experimentally validating the performance of the annular MTVC. The central objective is to assess ignition capability and lean blowout (LBO) performance through testing the annular MTVC within a high-altitude, sub-atmospheric pressure environment. The outcomes of this paper will serve as valuable reference for design and construction of combustors intended for turboshaft applications at elevated altitudes in the future.
EXPERIMENT DESCRIPTION
Experiment Model
The MTVC described in this paper departs from normal TVC by incorporating axially graded combustion and rich-quench-lean (RQL) combustion design techniques. The detailed concept of the MTVC is described in Ref. [21]. In this work the MTVC was designed as an annular. The construction is comprised of the casing, axial diffuser, liner, mounts, centrifugal nozzle, ignition nozzle and turbine guide, as shown in Figure 1.
[image: Labeled technical diagram in panel A displays a cross-sectional schematic of a jet engine, identifying components such as the centrifugal compressor, diffuser, core combustion zone, liner, mixing zone, casing, mounts, ignition nozzle, and turbine guide. Panel B presents a 3D rendered cutaway view of a similar jet engine, illustrating internal structures and flow passages without labels.]FIGURE 1 | 2D and 3D structure diagrams of MTVC. (A) 2D structure diagram. (B) 3D structure diagram.To withstand the elevated temperatures generated during combustion, the liner is precision-machined from a 1 mm thick super alloy (GH3044). Positioned at the front of the casing, the centrifugal compressor is attached, while the turbine guide is affixed to the rear. An axial diffuser, situated within the front of the casing, is employed for the centrifugal compressor. As high-pressure air enters the combustor from the axial diffuser of the centrifugal compressor, it divides into two primary streams: the first stream is utilized for combustion, and the second stream serves for supplementary combustion and mixing, as depicted in Figure 2. The combustor is categorized into three zones based on the air inlet: the core combustion zone, middle zone, and mixing zone. The core combustion zone, responsible for ignition and flame stability, results from the reciprocal interaction between primary air and cavity air. The annular air from the cooling and mixing holes in the casing wall enters the combustor to create the middle and mixing zones. The mixing zone is employed to regulate the exit temperature field, while the middle zone supports supplementary combustion. The cooling holes are arranged in a staggered pattern, incorporating multiple rows of cooling air inlet holes on both the cavity wall and the mainstream area wall. This design offers dual benefits: protection against high-temperature ablation of the wall surface and the uniform distribution of temperature at the combustor outlet. To accommodate the centrifugal nozzle, there are 15 evenly spaced nozzle assembly mounts positioned above the central section of the casing. Fuel is injected in the same direction as the forward airflow, facilitating its evaporation. On each side of the rear part of the casing, there is an ignition mount for securing the ignition nozzle. The igniter is positioned in proximity to the side wall where the local FAR is high and the airflow velocity is low, making it an optimal location for ignition.
[image: Schematic diagram showing airflow distribution in a combustion chamber, with labeled arrows for primary air (red), forward air (yellow), driving air (purple), dilution air (blue), and cooling air (green), including their respective percentage values and directional paths from inlet to outlet around labeled cavity zones a and b.]FIGURE 2 | Airflow distribution of MTVC.Figure 2 illustrates the double-vortex flow structure and airflow distribution within the MTVC. Driving-air makes up 15.1% of the combustor airflow and forward-air makes up 16.6% to improve the combustion efficiency and flame stability. The primary-air makes up 16% of the combustor airflow to achieve complete combustion reaction and close the return zone in the cavity. The dilution-air makes up 28.3% of the combustor airflow to regulate the outlet temperature distribution. The cooling-air makes up 24% of the combustor airflow will be used to better protect the combustor.
When the driving-air encounters the cavity, a portion of it is deflected to the right, mixing with fresh forward-air to form the primary vortex (see in Figure 2A) within the cavity. Simultaneously, another portion is deflected to the left, merging with the primary-air to create the secondary vortex (see in Figure 2B) within the cavity. As a result of this configuration, a double-vortex flow structure is established, featuring the primary vortex rotating in one direction and the secondary vortex circulating in the opposite direction. The presence of the secondary vortex serves to protect the primary vortex from the impact of the primary-air, enhancing the stability of the primary vortex. Furthermore, it enhances combustion efficiency by facilitating the transfer of heat and mass between the trapped vortex zone and the mainstream zone. This intricate flow pattern contributes to optimized combustion within the MTVC.
Experiment Setup and Conditions
Figure 3 depicts the experimental system and a photograph of the experimental scene, including air supply system, fuel supply system, ignition system, data acquisition system and vacuum system.
[image: Panel A presents a labeled schematic diagram of an experimental setup for a full-ring test rig, showing interconnected air supply, fuel supply, ignition, data acquisition, and vacuum systems, each with respective components numbered and briefly described in a key below. Panel B displays a photograph of the physical test rig comprising a metallic cylindrical assembly with attached sensors and pipes, mounted in a laboratory environment.]FIGURE 3 | Experiment system and Photograph of experimental scene. (A) Experiment system. (B) Photograph of experimental scene.The air supply system supplies air to the combustor through three screw compressors, with each compressor capable of delivering up to 34.4 m3/min of mass flow. The air mass flow rate is measured using an orifice flowmeter with a 1% margin of error and is controlled by a regulating valve. Before reaching the test stand, the air is heated to a temperature of 523 K by an electric heater. The inlet temperature of the combustor is measured using a T-thermocouple with an error of 0.4% within the range of 73 K–673 K, ensuring precise control of the necessary mass flow rate and inlet air temperature. Meanwhile, a B-thermocouple is employed to measure the outlet temperature of the combustor, with an error of 0.4% within the range of 273 K–1573 K. The ignition results can be distinguished by observing the outlet temperature.
The vacuum system consists of vacuum tank and vacuum pump. The vacuum system provides a stable vacuum environment for the experiment. For the sub-atmospheric pressure experiment, air in the vacuum tank is pumped by three vacuum pumps. In the experimental, a regulating valve regulates the necessary sub-atmospheric pressure. The vacuum level can be as low as 20 kPa at air mass flow rate of 1 kg/s.
The fuel supply system comprises a fuel tank, fuel pump, and booster pump. The fuel injection pressure and volume to the nozzles are adjusted by regulating the valve’s opening while reducing the opening of the return valve. A flowmeter with a 1% margin of error measures mass flow rate of the fuel. Annular MTVC features fifteen centrifugal nozzles for fuel injection, each with cone angle of 80° and flow number of 0.5 US gallons/hr (psi) 0.5. RP-3 kerosene, the sole fuel used in this study, is delivered at room temperature straight into the cavity through these centrifugal nozzles. A nozzle flow characteristic test was conducted to establish the relationship between fuel flow rate and fuel injection pressure, as shown in Figure 4. This test was carried out to ensure the reliability and accuracy of the experiment. Consequently, the adjustment of supply pressure allows for precise control of the fuel mass flow rate. The detailed properties of RP-3 kerosene, determined using the GB/T-test method, are presented in Table 1.
[image: Scatter plot depicting the relationship between fuel supply pressure in MPa on the x-axis and fuel mass flow rate in grams per second on the y-axis, with data points fitted by a curve defined as y equals fourteen point four seven nine nine x to the power of zero point four two four five; R squared value is zero point nine nine eight five, indicating a strong correlation.]FIGURE 4 | The variation of fuel flow rate with fuel supply pressure.TABLE 1 | Detailed RP-3 kerosene properties based on GB/T test method.	Property	Specification limits	RP-3 kerosene	Test methods
	Density at 20 °C, kg/m3	​	775 to 840	GB/T 1884 or GB/T 1885
	Net heat of combustion, MJ/kg	min	42.8	GB/T 384
	Viscosity at 20 °C, mm2/s	min	1.25	GB/T 265
	Flash point, °C	min	38	GB/T 261
	Freezing point, °C	​	−47	GB/T 0197
	Final boiling point, temperature, °C	Max	300	GB/T 255


Igniter, voltage generator and semiconductor ignition nozzle are part of the ignition system. The ignition system features 20 joules ignition energy and 14 Hz ignition frequency. A direct ignition method is used to ignite the combustible mixture. The ignition is turned on simultaneously with the two ignitors, which are located at the two and ten o’clock positions. NI acquisition unit and computer are both part of data acquisition system and serve to capture and process temperature data. NI acquisition unit is employed to gather both inlet and outlet temperatures, ensuring a precision level within a range of 0.5% uncertainty.
This article concentrates on the experimental investigation of the of MTVC’s ignition and blowout performance at low pressure. The working conditions are displayed in Table 2.
TABLE 2 | Working conditions of MTVC.	Parameters	P (kPa)	T (K)	Ma
	Programs
	Condition 1	35.3, 41.3, 51.3, 61.3, 71.3, 81.3, 101.3	300	0.045–0.1
	Condition 2	35.3–350	290	0.075
	Condition 3	51.3, 61.3, 101.3	283–500	0.1


The selected pressure values (e.g., 35.3 kPa, 51.3 kPa) correspond to typical flight altitudes of approximately 8,000 m and 6,000 m, respectively, based on the International Standard Atmosphere. These conditions are representative of high-altitude relight scenarios for turboshaft engines, as referenced in prior studies [40].
Experiment Uncertainty Analysis
The uncertainties in this experiment, which are reflected in the Fuel-Air Ratio (FAR) within the cavity, are primarily attributed to the inlet parameters and fuel mass flow rate. These uncertainties include:
Fuel Flow Characteristic Experiment: A fuel flow characteristic experiment was conducted specifically for the centrifugal nozzles used in the study. The experiment established the relationship between fuel flow and injection pressure, as depicted in Figure 4. The calculated uncertainty for this relationship is 0.15%.
Instrument Error in Inlet Parameters Measurement: Several instruments were employed for measuring inlet parameters, each introducing a certain degree of error, as shown in Table 3.
TABLE 3 | Instrument error in inlet parameters measurement.	Measurement device	Function	Accuracy (%)
	Orifice flowmeter	Inlet flow rate	1
	T thermocouple	Inlet temperature	0.4
	NI acquisition unit	Collecting the inlet temperature data	0.5
	Pressure gauge	Inlet pressure	0.4


These instrument errors should be taken into account when analyzing the results of the ignition and Lean Blowout (LBO) experiments to ensure accurate and reliable findings.
The desirable uncertainties of experiment results are computed based on uncertainties of variables used in the measurement using the Kline and McClintock method [42].
According to mathematical assumptions, the measured parameter (X) exhibits the following functional relationship with the directly measured parameters x1, x2, …, xn as shown in Equation 1.
X=fx1,x2,···xn(1)
Let εX be the measurement uncertainty (X) and εx1, εx2, …, εxn be the dependent parameters uncertainties (xn). Thus, uncertainty in the measurement is defined as
εX=x1X∂f∂x1εx12+x2X∂f∂x2εx22+…+xnX∂f∂xnεxn2(2)
Based on air and fuel inlet mass flow rates, total ignition FAR is defined as shown in Equation 3.
fig=Wfuel/Wair(3)
where Wfuel is fuel mass flow rate when combustor is successfully ignited, kg/s, Wair is air mass flow rate for ignition case, kg/s.
Global ignition equivalence ratio uncertainty from Equation 2 is defined as shown in Equation 4.
εfig=εwfuel2+−εwair2(4)
Therefore, root mean square of εwair and εwfuel is used to calculate overall ignition FAR measurement’s total uncertainty εfig, and final calculation result of εfig is 1.01%.
NUMERICAL CALCULATION METHODS AND FEASIBILITY VERIFICATION
Numerical Calculation Methods
Numerical simulation in this work is done using commercial software named Fluent. A standard k-ε turbulence model is used to numerically simulate the turbulent motion in the cavity of the MTVC. The finite volume method is utilized to discretize the momentum equations and steady state continuity in the computing domain. A second-order upwind format is used to discretize the convective and diffusive terms. The SIMPLE algorithm is used for the pressure-velocity coupling. In numerical calculations, air can be considered as an uncompressible gas. Figure 5 shows the inlet boundary of the combustor is configured as mass flow inlet, while its outlet is configured as pressure outlet. Side walls are set up as symmetry surfaces. Non-premixed combustion model close to the actual combustion situation in the cavity is chosen. The nozzle type is cone and the fuel spray cone angle is set to 80°. Kerosene-liquid (C12H23) is used for the fuel. The initial temperature of the fuel is 300 K and the fuel particle type is droplet.
[image: Diagram showing two labeled illustrations of a turbine component. Panel A presents a cross-sectional 3D view labeling the mass flow inlet, nozzle, and pressure outlet. Panel B shows a top schematic with symmetry lines labeled Symmetry-1 and Symmetry-2, and the center labeled Z equals zero.]FIGURE 5 | Computational domain and boundary conditions. (A) Side view. (B) Main view.Due to the complex structure of the MTVC, the computational is simplified to 1/5 and divided using an unstructured grid. The grid independence test uses six different grid numbers: G1 = 2.01 million, G2 = 2.71 million, G3 = 3.27 million, G4 = 4.02 million, G5 = 5.04 million, and G6 = 5.99 million. By comparing the velocity distributions in different height directions in the cavity on the Z = 0 cross-section, the results are shown in Figure 6. For the grids of 5.04 and 5.99 million, the trends of the velocity distributions and the magnitudes of the velocities at each place are essentially comparable. This suggests that after the number of grids reaches 5.04 million, the flow characteristics may be anticipated with stability. Therefore, the numerical simulation investigation in this work is conducted using 5.04 million grids.
[image: Panel A shows a line graph with six colored curves representing velocity V_y versus position X for Y equals 0.2H. Panel B displays similar curves for Y equals 0.4H. Panel C presents data for Y equals 0.6H, and Panel D for Y equals 0.8H. All panels have identical axes, and parameters are Vin equals 50 meters per second, T equals 300 Kelvin, and P equals 101.3 kilopascal. Key differences appear in curve peaks and patterns across panels reflecting the Y position.]FIGURE 6 | The velocity distributions in different height directions. (A) Y = 0.2H. (B) Y = 0.4H. (C) Y = 0.6H. (D) Y = 0.8H.Feasibility Verification
At an inlet pressure of 101 kPa and a temperature of 300 K, Figure 7 displays experimental results and numerical calculation results of the variation of the total pressure loss with the inlet velocity. The total pressure loss increases as the inlet velocity rises for both approaches. The total pressure loss of numerical calculation results comes out to be marginally greater than the experimental results; the minimum is 3.9% and the maximum is 4.5%.
[image: Line chart comparing total pressure loss percentage versus inlet velocity in meters per second for experimental results in red and numerical calculation results in black at p equals 101 kilopascals and T equals 500 kelvin. Both data sets increase similarly, showing good agreement across velocities ranging from twenty-five to fifty meters per second.]FIGURE 7 | The variation of the total pressure loss with the inlet velocity.At an inlet mass flow rate of 0.18 kg/s and a temperature of 500 K, Figure 8 displays the experimental results and numerical calculation results of the variation of the outlet mean temperature with the FAR. The outlet mean temperature increases with an increase in the FAR under both approaches. The numerical calculation results yielded an outlet mean temperature that is greater than the experimental results, with a maximum temperature of 1000 K. When the FAR is low, the discrepancy between the numerical calculations and the experimental results is greatest, often within an 8.3% range. The experimental results and the numerical calculation results, however, are becoming closer and closer as the FAR rises. The discrepancy is at its lowest, 0.9%, when the FAR hits 0.025.
[image: Line graph comparing experimental results (red line with squares) and numerical calculation results (black line with circles) for outlet mean temperature in kelvin versus FAR, indicating a positive correlation. Error bars are shown for experimental data. Text states q equals 0.18 kilograms per second and T equals 500 kelvin.]FIGURE 8 | The variation of the outlet mean temperature with the FAR.In conclusion, through the analysis of the experimental results and numerical calculation results of the total pressure loss and outlet mean temperature of the combustor, the difference of the total pressure loss is in the range of 3.9%–4.5%, and the minimum difference of the outlet mean temperature is 0.9%. It is evident that the numerical calculation methods used in this paper is effective, feasible and reliability.
RESULTS AND DISCUSSIONS
Ignition Performance
Ignition performance of aircraft engine is often described by the range of flight circumstances in which ignition is quickly and consistently achieved during ground starts, and combustion can be restarted after flameout at high altitude. The fuel flow rate was steadily raised while the inlet air velocity and temperature were maintained during the ignition experiment. Successful ignition is defined as a temperature rise in the combustor exceeding 80 °C. This threshold was selected based on the thermal inertia of the combustor liner and prior experimental studies [5, 12], ensuring a clear distinction between successful ignition and transient heating. The criterion remains consistent across different pressures, although the temperature rise magnitude varies due to changes in heat release rates. Figure 9 illustrates impact of pressure and Mach number on ignition performance. The experiment maintained a constant inlet air temperature of 300 K and varied inlet total pressure from 35.3 to 101.3 kPa, while inlet Mach number ranged from 0.045 to 0.1. The results show that ignition FAR tends to decrease and then increase as Mach number increases. This suggests that both low and high Mach numbers have a negative effect on ignition. This is primarily due to low air mass flow rate and low fuel mass flow rate required for ignition at low Mach numbers. However, for centrifugal nozzles, small fuel mass flow rate results in low supply pressure, which hinders fuel atomization, evaporation, mixing, and ultimately ignition. On the other hand, at high Mach numbers, the air mass flow rate is high, resulting in a high velocity that easily blows out the flame, compromising flame stability. Consequently, the ignition FAR also increases at these high Mach numbers. The range of ignitable velocities narrows as the pressure drops, but the ignition FAR rises. At a pressure of 35.3 kPa at constant temperature, corresponding to an altitude of nearly 8,000 m, the combustor can be successfully ignited. But only two Mach numbers can be ignited, and the FAR is nearly 0.032, much higher than the ignition FAR of 0.012 at constant temperature of 101 kPa. This demonstrated how detrimental a pressure decrease is to ignition. Figure 9 provides a clear illustration of these findings.
[image: Line chart showing overall fuel/air ratio at ignition versus combustor inlet Mach number for pressures from thirty-five point three to one hundred one point three kilopascals, at three hundred Kelvin. Symbols and colors distinguish different pressures, with fuel/air ratios generally decreasing as Mach number increases, especially at higher pressures.]FIGURE 9 | Implication of pressure and Mach number on ignition performance.Figure 10 depicts the implication of inlet pressure on ignition performance. The combustor inlet temperature was 290 K, inlet velocity was 0.075 Ma, and inlet pressure ranged from 35.3 to 350 kPa in this test. It can be seen that ignition performance considerably improves as combustor inlet pressure rises, with ignition FAR dropping from 0.03 to 0.008 as inlet pressure rises from 35.3 kPa to 350 kPa. According to the slope of the curve, after the inlet pressure is below 101 kPa, ignition FAR rises rapidly as pressure decreases, indicating that ignition is becoming increasingly difficult. While inlet pressure is above 101 kPa, with the increase of pressure, the trend of ignition FAR decreases more slowly, indicating that after pressure increases to a certain value, the promotion effect on ignition is decreasing. From fuel and air mixing point of view, this is primarily because at the same inlet velocity and temperature, the increase in inlet pressure means an increase in air density. On the one hand, this increases the aerodynamic resistance of the air to the fuel particles and reduces the penetration of the fuel, making the fuel more concentrated in the cavity and locally relatively fuel rich. This results in more fuel evaporating in the cavity to form the air phase fuel, allowing the required fuel to air ratio for ignition to be achieved more quickly (residual air coefficient close to 1) and facilitating ignition. On the other hand, with inlet pressure increases, air mass flow rate increases. Nozzle injection pressure must be raised in order to increase fuel flow rate in order to reach the minimum FAR necessary for ignite. This aids in enhancing fuel atomization process so that fuel evaporates promptly and combines with air to create a combustible combination that is also beneficial for ignition. In terms of chemical reaction dynamics, an increase in pressure increases the density of air per unit volume, which means that the concentration of reactants increases. The rate of chemical reaction is therefore accelerated and flame propagation rate is increased, which also facilitates ignition. Therefore, ignition FAR decreases with increasing inlet pressure.
[image: Line graph showing overall fuel/air ratio at ignition versus combustor inlet pressure in kilopascals, with ratio values decreasing as pressure increases. Test conditions are Ma equals zero point zero seven five and temperature two hundred ninety Kelvin.]FIGURE 10 | Implication of inlet pressure on ignition performance.Figure 11 depicts implication of inlet temperature on ignition performance. In this experiment, combustor inlet Mach number was 0.1, inlet pressures were 51.3, 61.3 and 101.3 kPa respectively, and inlet temperatures ranged from 283 to 500 K. It is observed that increase in temperature also has significant effect on ignition performance. As temperature climbs and pressure is at 101.3 kPa, ignition FAR reduces from 0.013 to 0.006. As temperature climbs and pressure is at 51.3 kPa, it decreases from 0.023 to 0.016. This is mostly due to the fact that when temperature climbs and the intensification of the thermal movement of the molecules will cause the initial chemical reaction rate of the combustible mixture to accelerate. As a result, there is an increase in flame propagation and a decrease in the amount of heat dissipated, which facilitates the formation of a core fire mass. In addition, when temperature rises, fuel atomization quality improves and the rate of evaporation increases. More fuel vapor is produced and the rate of fuel evaporation grows quicker with increased evaporation. As a result, it will be simpler to light the FAR nearer to the igniter since it will be closer to the ignition point. Despite the increase in temperature to 500 K, the ignition FAR at 51.3 kPa is higher than that at 101.3 kPa and 290 K. This indicated that the detrimental effect on ignition caused by the reduced pressure is not compensated for by the increase in temperature. This is mostly caused by the lower pressure and lower oxygen concentration per unit volume, which in turn affects the reaction rate and fuel consumption.
[image: Line graph illustrating overall fuel-to-air ratio at ignition versus combustor inlet temperature in Kelvin for three pressure values: 101.3 kPa (black squares), 61.3 kPa (red circles), and 51.3 kPa (blue triangles), showing decreasing trends as temperature increases.]FIGURE 11 | Implication of inlet temperature on ignition performance.In conclusion, the ability to ignite is weakly influenced by Mach number, while the ability to ignite is more strongly influenced by pressure and temperature increases, which can dramatically reduce the ignition FAR.
These experimental trends can be mechanistically explained by the CFD simulations presented in Section Numerical Results. Under lower pressures, the reduced fuel residence time and lower local oxygen concentration impede fuel-air mixing and reaction rates, thereby elevating the ignition FAR. Furthermore, the vortex stability within the cavity, as visualized in Figure 13, is compromised at higher Mach numbers, leading to increased flame susceptibility to blowout.
Lean Blowout Performance
The inlet velocity and temperature were held constant throughout the blowout experiment. The combustor was thought to be blowout if the fuel flow rate was progressively reduced and the burner temperature dropped. Figure 12 depicts implication of pressure and Mach number on LBO performance. In this experiment, combustor inlet air temperature was kept at 300 K, inlet total pressure was in the range of 35.3–101.3 kPa, and inlet Mach number was in the range of 0.045–0.1. The variation of blowout FAR with Mach number demonstrates a pattern characterized by an initial rise, followed by a decline, and ultimately reaching a point of stabilization. At a constant temperature of 101 kPa, the blowout FAR is around 0.012. The inlet pressure at 35.3 kPa is much higher than 101 kPa, as high as 0.027, indicating that the reduction in pressure is also detrimental to the LBO performance. In addition, the speed boundary of the blowout also decreases with increasing pressure.
[image: Line graph illustrating overall fuel-to-air ratio at lean blowout versus combustor inlet Mach number, with seven data series represented by different colored markers for pressures ranging from 35.3 to 101.3 kilopascals at an inlet temperature of 300 kelvin.]FIGURE 12 | Implication of pressure and Mach number on LBO performance.Figure 13 depicts the implication of inlet pressure on LBO performance. In this experiment, the inlet pressure varied from 35.3 to 350 kPa, inlet velocity was 0.075 Ma, and inlet temperature was 290 K. The blowout FAR drops noticeably as inlet pressure rises, going from 0.027 to 0.006 as inlet pressure rises from 35.3 kPa to 350 kPa. The slope of curve shows that as pressure decreases, the blowout FAR rises rapidly, indicating that the lower the pressure, the easier it is to blowout. And after the pressure at 101 kPa, with increase in pressure, blowout FAR decreases more slowly, indicating that pressure on the LBO performance improvement has a certain range. From the analysis of effect of pressure on ignition performance can be known, inlet pressure increases, it will make the pneumatic resistance increase. The nozzle pressure drops increase to change the atomization performance of fuel, oxygen concentration in the unit volume increases to improve flame propagation speed and chemical reaction rate, spark energy will also increase. These factors together can make the flame easier to stabilize and the LBO performance is improved. Recent experimental studies on air-cooled bluff-body flameholders have also demonstrated that optimized cooling air jet arrangements can extend the LBO limits and enhance flame stability under sub-atmospheric conditions [40, 43]. This supports the importance of flow and thermal management in maintaining vortex stability near the LBO boundary.
[image: Line chart showing the overall fuel-air ratio at lean blowout (LBO) decreasing as combustor inlet pressure increases from 25 to 350 kilopascals, with data measured at Mach number 0.075 and temperature 290 kelvin.]FIGURE 13 | Implication of inlet pressure on LBO performance.Figure 14 depicts the implication of inlet temperature on LBO performance. In this experiment, combustor inlet Mach number was 0.1, inlet pressures were 51.3, 61.3 and 101.3 kPa respectively, and inlet temperatures ranged from 283 to 500 K. It can be seen that increase in temperature and rapid decrease in blowout FAR, which plays a crucial implication on LBO performance. This is also mainly because an increase in temperature results in a faster initial chemical reaction rate of combustible mixture, a faster flame propagation rate, a higher quality of atomization of fuel and a faster evaporation rate.
[image: Line graph showing overall fuel to air ratio at LBO versus combustor inlet temperature in Kelvin for three pressures: 101.3 kilopascals (black squares), 61.3 kilopascals (red circles), and 51.3 kilopascals (blue triangles). All data series decrease as temperature increases.]FIGURE 14 | Implication of inlet temperature on LBO performance.NUMERICAL RESULTS
The results of the above tests demonstrate a significant deteriorate in ignition and blowout performance under sub-atmospheric pressure. In order to provide sufficient support for the test results and the analysis process, numerical calculations were performed for the non-reactive flow field structure, total pressure loss, as well as the reactive flow field structure, temperature distribution, and component distribution of the MTVC, at an inlet mass flow rate of 0.18 kg/s, an inlet temperature of 500 K, and four inlet pressures of 0.04, 0.06, 0.08, and 0.1 MPa.
Unreactive Flow Simulations
The unreactive flow field at different pressures is seen in Figure 15. There is a stable and complete single vortex structure residing in the cavity, and the vortex structure is stable as the pressure fluctuates. The dimensions and center position of the vortex structure essentially stay the same as the pressure drops, but the inlet velocity at each site significantly increases.
[image: Panel A shows a velocity field map with color indicating speeds from 0 to 160 meters per second, with higher velocities highlighted in red and yellow at the center. Panel B depicts a similar flow pattern with slightly reduced high-speed areas. Panel C illustrates more dispersed flow with dominant green and blue areas, indicating lower velocities overall. Panel D presents the lowest velocity distribution, primarily blue with minimal areas of higher velocity, demonstrating progressive changes in the measured parameter across each panel. All panels use the same color scale and axis labels for direct comparison.]FIGURE 15 | The unreactive flow field at different pressures. (A) 0.04 MPa. (B) 0.06 MPa. (C) 0.08 MPa. (D) 0.1 MPa.The variation of total pressure loss at different pressures is shown in Figure 16. The total pressure loss in the combustor rises from 2.35% to 11.04%, approximately almost 370%, as the inlet pressure drops from 0.1 MPa to 0.04 MPa. The drop in pressure is the primary cause of the rise in the overall pressure loss. The combustor experiences a large increase in velocity everywhere. On the one hand, the combustor’s high-speed airflow in the curve-shaped wall makes it simple for the air to split, creating a large number of tiny vortex structures, which will increase the loss due to their dissipation. On the other hand, the loss will rise as a result of the high-speed air flow passing through the different inlet holes, which will enlarge the vortex between the jet and the wall. It is simple to engage the hot air in this increasing vortex structure, which leads to flame quenching. Furthermore, when the velocity increases, the friction between the jet and the wall will also increase, resulting in a rise in energy loss.
[image: Line graph comparing total pressure loss in percentage (black line with squares) and inlet air density in kilograms per cubic meter (red line with circles) versus inlet pressure in megapascals, showing pressure loss decreases while air density increases as inlet pressure rises, with flow rate and temperature specified as zero point one eight kilograms per second and five hundred Kelvin.]FIGURE 16 | The variation of total pressure loss and the variation of inlet air density at different pressures.The variation of inlet air density at different pressures is shown in Figure 16. The inlet air density decreased by almost 60%, from 0.71 to 0.28, when the inlet pressure dropped from 0.1 MPa to 0.04 MPa. The oxygen concentration per unit volume decreases as air density decreases. However, the combustion chemical reaction in the combustor is mainly realized by the collision between the fuel and the oxygen molecules. Therefore, reducing the concentration of oxygen per unit volume limits the quantity of direct effective collisions that occur between oxygen molecules and fuel particles, hence lowering the pace of chemical reaction. This reduces the quantity of fuel used per unit of time and reduces the temperature of the fuel-air mixture due to a decrease in the rate of exothermic heat release. These factors are harmful to the ignition and flame stability of the combustor.
Reactive Flow Simulations
The reactive flow field at various pressures is seen in Figure 17. Reducing the pressure from 0.1 MPa to 0.06 MPa results in essentially the same flow field structure, vortex center position, and vortex size. On the other hand, the vortex center location is closer to the geometric center of the cavity and the vortex structure is fuller at 0.04 MPa. In every area of the combustor, the inflow velocity rises as the pressure drops.
[image: Four-panel figure showing color-coded velocity field visualizations labeled A, B, C, and D. Each panel features a curved flow path, velocity vectors, and a legend from zero to 160 meters per second in blue to red. X and Y axes are present with consistent flow structures, while color distributions and vector patterns differ between panels.]FIGURE 17 | The reactive flow field at various pressures. (A) 0.04 MPa. (B) 0.06 MPa. (C) 0.08 MPa. (D) 0.1 MPa.The temperature distribution at various pressures is depicted in Figure 18. When the pressure is 0.1 MPa, the fuel is basically consumed completely in the upstream of the combustor. The high temperature zone above 2000 K is mainly distributed in the cavity and part of the mainstream area. As the pressure decreases, the temperature in the cavity decreases to below 2000 K, and the temperature in the return area decreases to 1800 K. The high temperature zone above 2000 K is distributed in the downstream of the cavity. This is mainly because of the pressure reduction, the combustor velocity increases in all areas, the fuel residence time decreases, the cavity combustion evaporation rate decreases. Most of the fuel leaves the cavity, which makes the high temperature zone shift to the downstream of the combustor. Concurrently, the cavity experiences a reduction in temperature due to insufficient fuel combustion. Additionally, all the fuel is fed into the cavity, which has an impact on the atomization and evaporation of newly added fuel.
[image: Four scientific diagrams labeled A, B, C, and D display temperature distributions and flow patterns within a curved cavity, using a rainbow color scale from blue (six hundred kelvin) to red (two thousand kelvin) and overlaid with vector arrows showing fluid movement. All subfigures share x and y axes labeled in meters and present variations in hot and cold areas, likely comparing different scenarios or conditions relevant to fluid dynamics or heat transfer studies.]FIGURE 18 | The temperature distribution at various pressures. (A) 0.04 MPa. (B) 0.06 MPa. (C) 0.08 MPa. (D) 0.1 MPa.The distribution of C12H23 concentration at various pressures is depicted in Figure 19. The distribution of C12H23 in the cavity increases with decreasing pressure, suggesting that the fuel is getting harder to consume. This is mainly because, as the pressure decreases, the cavity’s velocity rises and the oxygen concentration per unit volume falls, causing the fuel residence time and fuel evaporation rate to drop.
[image: Four scientific plots labeled A, B, C, and D compare scalar concentration fields for C12H26 over a two-dimensional cavity with color maps ranging from blue to red, showing different distributions and peak intensities in each panel. Each graph includes axes labeled X(m) and Y(m), a color scale bar, and curved white boundaries denoting flow domains.]FIGURE 19 | The distribution of C12H23 concentration at various pressures. (A) 0.04 MPa. (B) 0.06 MPa. (C) 0.08 MPa. (D) 0.1 MPa.CONCLUSION
The most significant finding of this study is that successful ignition can still be achieved at a pressure as low as 35.3 kPa, although the required fuel-to-air ratio increases substantially. This result highlights the robust ignition capability of the mixed-flow trapped vortex combustor under extreme sub-atmospheric conditions. Performance of LBO and ignition are examined at sub-atmospheric pressure environment, and numerical simulations of unreactive flow and reactive flow have been completed. The following findings are arrived at:
As pressure decreases, the ignition FAR increases and the range of ignitable velocities decreases. Under constant temperature conditions, the ignition pressure of the combustor can reach 35.3 kPa, and the corresponding altitude is close to 8,000 m. However, the ignition FAR is close to 0.032, which is much higher than the FAR of 0.012 at 101.3 kPa, indicating that the decrease in pressure is very detrimental to ignition. Meanwhile, as pressure decreases, the LBO FAR keeps increasing.
There is also a significant increase in ignition performance with increasing temperature. At 101.3 kPa, ignition FAR decreases from 0.013 to 0.006 as temperature increases, and at 51.3 kPa, ignition FAR decreases from 0.023 to 0.016 as temperature increases. Ignition FAR at 51.3 kPa was higher than that at 101.3 kPa and 290 K, indicating that the detrimental effect on ignition caused by the reduced pressure was not compensated for by the climbs in temperature. As the temperature climbs, the LBO FAR decreases rapidly, which plays a crucial implication on the ignition performance.
As Mach number increases, ignition FAR tends to decrease and then increase, but not particularly significantly. Simultaneously, The LBO FAR change pattern with increasing Mach number indicates that it initially rises, then declines, and eventually stabilizes.
A stable vortex structure is created in the cavity. The size of the vortex structure and the position of the vortex center basically remained unchanged with the decrease in pressure, but there is a significant increase in the inlet velocity at each location. As the inlet pressure decreases from 0.1 MPa to 0.04 MPa, the total pressure loss of the combustor increases from 2.35% to 11.04%, and the inlet air density of the combustor decreases from 0.71 to 0.28.
When the pressure is 0.1 MPa, the fuel is basically consumed completely in the upstream of the cavity, and the high-temperature zone above 2000 K is mainly distributed in the cavity and part of the main flow area. As the pressure decreases, the high temperature zone above 2000 K is distributed in the downstream of the combustor.
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NOMENCLATURE
MTVC mixed-flow trapped vortex combustion
TVC trapped vortex combustion
RQL rich-quench-lean
LBO lean blowout
FAR fuel to air ratio
Ma Mach number
P inlet pressure
T inlet temperature
Vin inlet velocity
q mass flow rate
X measured parameter
xn measured independent parameter
εX measurement uncertainty
εxn dependent parameters uncertainties
fig ignition fuel to air ratio
Wfuel fuel mass flow rate, kg/s
Wair air mass flow rate, kg/s
εfig ignition FAR uncertainty
εwair air mass flow rate uncertainty
εwfuel fuel mass flow rate uncertainty
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