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Abstract: In this work, an ultra-steady combustion technique was attempted to achieve fuel 

adaptability combustion. The combustion performances of five representative gaseous fuels in a 

stratified vortex-tube combustor were investigated in terms of the stability limit, pressure fluctuation, 

and flame topology. Results show that the lean stability limit of the global equivalence ratio for the 

five fuels can always be less than 0.15 with a uniform flame front, whilst the amplitude of pressure 

fluctuations is always below 2300 Pa, indicating a super-steady combustion process. The non-

premixed flame structure guarantees a high mass concentration near the reaction zone, whilst the 

vortex flow also decreases the local flow velocity, inhibiting flame blow-out, and suggesting good 

self-adjusting capacity under various global equivalence ratios. The synergistic action of the flow 

and flame structures transports the interior high-enthalpy burnt gas and exterior unburnt gas to the 

exterior unburnt gas and reaction zones to promote the ignition and reaction procedures, resulting 

in an intensified combustion. The large tangential velocity and density gradient result in the large 

values of Richardson number, which indicates that laminarization of the flow arises and results in 

good aero-dynamic and thermo-dynamic stabilities. The resultant good self-adjusting capacity and 

three types of dynamic stabilities are the intrinsic causes of the ultra-steady combustion process in 

this combustor. Ultimately, the generalized criterion of stabilization can be defined by the 

combination of Richardson and Rayleigh numbers, for which large Richardson and small Rayleigh 

numbers are required for a highly steady combustion process. 
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1. Introduction 

Combustion as a significant contributor to energy conversion systems is widely employed in 

internal engines [1], aero-engine [2], gas turbines [3], various industrial combustors [4], and in 

people’s everyday life. The current move to clean and renewable energy systems implies that further 

research into combustion is required [5]. If multiple fuels can be burnt in a single combustor or 

engine at the same time, it will be of great importance to the world energy power system, carbon-

neutral national policy, and the dependence on mono fuels. However, it remains a challenge due to 

the different physical and chemical properties of different fuels as combustion instability and 

incomplete combustion may inevitably arise. 

Decades of fundamental research and application development have shown that the vortex-tube 

combustion technique or vortex-tube combustor has various features and advantages and gives rise 

to a highly simple and convenient flame configuration [6], a large flammability range [7], low NOx 
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emission and strong stabilization properties [8]. Thus, the vortex-tube combustor provides a good 

potential for overcoming fuel adaptability problems due to its high stabilization properties, which 

mainly consist of aerodynamically [9] and thermodynamic [10] stability. 

Up to now, various configurations of vortex-tube combustors have been developed [11] and 

evolved [9] significantly. A typical vortex-tube combustor mainly consists of either the premixed 

vortex-tube combustor or the rapidly mixed vortex-tube combustor. Although a good fuel flexibility 

has ever been demonstrated in the RMVC preliminarily by Ishizuka [12], where it was noted that 

the RMVC could burn a variety of fuels. However, this was not quantified and a comprehensive 

comparison for different fuels was not carried out, i.e., the stability limit, and pressure fluctuation 

amplitude.  

Additionally, the traditional vortex-tube combustor has defects and deficiencies. The first is the 

premixed burning mode; typical vortex-tube combustors are based predominately on premixed 

burning, which will inevitably affect the stabilization properties. Syred et al. [13] point out that 

premixed burning in swirl combustion systems is normally undesirable because it is predisposed to 

produce a large precessing vortex core, which can cause instability and narrow the operational limits. 

The second is the strict requirement that the mixing time should be shorter than the chemical reaction 

time for the establishment of the vortex-tube flame for the RMVC. The above two issues limit its 

use in industrial applications to a certain extent. 

As a consequence, a stratified vortex-tube combustor (SVC) or combustion technique, proposed 

by the Guangzhou Institute of Energy Conversion, does not need a premixed region near the center 

of the combustor and provides a local stratification of species [14], which improves the mixing 

quality and overcomes the negative effects of the premixed condition in swirling combustion 

systems [15]. Instead, a binary (or triple) flame structure is formed in the SVC, which is crucial for 

stabilization. The good stabilization properties of the SVC have been explored and discussed in 

detail in previous works [16, 17]. Because of the stratified property of species, the SVC provides a 

large heat release rate, which can enhance the density gradient along the radial direction, leading to 

stable combustion consistent with the Rayleigh stability criterion [18]. For example, with methane 

as fuel, the lean global equivalence ratio stability limit of the SVC can be lower than 0.18, which is 

much lower than that in the typical vortex-tube combustor [19]. Additionally, the amplitude of 

pressure fluctuation is always lower than 4 kPa, which is superior to that of typical vortex-tube 

combustors [20]. In addition, oxygen-deficient combustion has already been investigated and 

indicates that the SVC retains a large stability limit with a low-pressure fluctuation amplitude and 

uniform flame front [21]. Therefore, the ultra-steady vortex-tube combustion technique provides an 

excellent potential to overcome fuel adaptability problems. The present paper describes the results 

of the fuel adaptability aspects of the stratified vortex-tube combustor and provides a generalized 

criterion for steady combustion. The corresponding conclusions will be important for future design 

upgrades and transformation of various engines, gas turbines, and industrial combustors. 

1. Physical model of the combustor and research method 

2.1 Physical model and boundary conditions 

The stratified vortex-tube combustor (SVC) consists of a combustion tube and four tangential 

slits, as shown in Fig. 1. The internal diameter, tube length, and slit width are 0.05, 0.5, and 0.002 

m, respectively. The fuel slit length is 0.005 m and the oxidant slit length is 0.03 m, immediately 
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downstream of the fuel slit. z = 0 mm locates in the position of the beginning of the fuel slit along 

the axial direction. The swirl number of this combustor is 13.46. 

The gaseous fuels (methane, ethanol, propane, n-heptane, and kerosene) of 550 K and oxidant 

(air) of 500 K are injected into the combustor through their inlet slits at atmospheric pressure (1.01 

× 105 Pa). The preheating of fuels and oxidant is to ensure complete gasification of the liquid fuels. 

The global equivalence ratio φg is based on all the fuel and oxidant injected into the combustor, 

which ranges from 0.04 to 1.0. The volumetric flow rate of fuel qf is 12.0 L/min. The pressure 

fluctuation information is recorded at the position corresponding to x = -0.024, y = 0, z = 0.06 m. 

 

(a) 3-D space configuration       (b) 2-D cutaway view 

Fig. 1 Structure of the stratified vortex-tube combustor. 

 

2.2 Mathematical modeling 

In the simulation, a three-dimensional (3-D) structured hexahedral grid with 1,800,000 elements 

is employed encompassing the complete combustor configuration after the independent mesh 

verification. We used meshes comprising 50,000, 100,000, 150,000, 1,800,000 and 2,000,000 nodes 

to investigate grid independence. From the distributions of temperature, species, and heat release 

rate in SVC we found that the difference between the solutions with the 1,800,000 and 2,000,000 

meshes were within 0.5 %.  Thus, the results shown in the paper were obtained with 1800,000 

nodes. 

The minimum size of the mesh near the wall is approximately 0.01 mm, and about 0.005 mm in 

the reaction zone. The grid quality is above 0.85 and the y+ near the tube wall is 1.0. The expansion 

ratio, the aspect ratio, and the skewness are 1.02, 1.02, and 0.0132, respectively. The chemical 

kinetics mechanisms used for the different fuels are shown in table 1. The kerosene is represented 

by N-C10H22. 

Table 1 Detailed information on the oxidation reaction mechanism and sources of each fuel  

Fuels Number of species Reaction-steps Source 

methane 

propane 

ethanol 

19 

33 

28 

15 

124 

180 

[22] 

[23] 

[24] 

n-heptane 22 112 [25] 

kerosene 36 62 [26] 

 

The in-house block-structured, parallel, compressible large-eddy simulation (LES) code 

Boundary Fitted Flow Integrator (BOFFIN-LESc) [27] has been employed for the simulation. In 

LES the equations of motion are solved directly for the resolved large-scale turbulent motions, and 

eight stochastic fields are employed to account for the sub-grid scale fluctuations. The 

computational time step varies between 1.0 and 20.0 × 10-7 s resulting in a maximum Courant–



 5 / 23 
 

Friedrichs–Lewy (CFL) number, based on the flow velocity, that is below 0.3. At the outflow, non-

reflective conditions were applied to minimize flow distortion and numerical reflection [28]. Non-

adiabatic combustion chamber walls are applied to improve the accuracy of near-wall regions. 

Radiative heat transfer is considered in the simulations through a radiation model described in [29]. 

Soret and Dufour's effects have been neglected in this work and all gases obey the ideal gas law. The 

spatial and temporal discretization schemes used in BOFFIN-LESc, details of which are given in 

Jones et al. [30] are summarized in Table 2. 

Table 2 Discretization schemes used in BOFFIN for the different terms in the momentum and 

stochastic fields equations 

 Convection Diffusion Stochastic Temporal 

Momentum CDS CDS - C-N 

Stochastics fields TVD CDS E-M C-N 

where the CDS is a second-order central difference scheme, TVD denotes the total variation 

diminishing scheme, E-M indicates the Euler-Maruyama scheme, and the C-N refers to the time-

centered Crank-Nicholson scheme. In all cases, simulations were carried out for more than 100 flow-

through times based on the bulk velocity and combustor length to ‘wash’ the effects of initial conditions, 

and statistics were then collected further over 10 flow-through times. 

In LES a spatial filter is applied to the equations of motion with the result: 

2.2.1 Filtered conservation equations 

Continuity: 


0
j

j

u

t x

  
 

 
                              (1) 

where t is the time, u
～

j and xj denote the velocity and spatial coordinate in j direction,ρ is the fluid 

density. 

Momentum [30]: 
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       (2) 

wherep is the pressure, δij denotes the Kronecker delta, τij
sgs denotes the sub-grid scale (sgs) stress 

tensor, which is determined via the dynamically calibrated Smagorinsky model [31]. 

Mass (Species) [32]: 
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
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               (3) 

here μ is dynamic viscosity, σ is the Prandtl/Schmidt number, Y
～

α is specific mole number of the α-

th chemical species, Y
～

α = [Y1, …, YNs], where Ns denotes the number of species (1 ≤ α ≤ Ns), the 

subscript sgs indicates the sub-grid scale values, 
   represents the net formation rate through 

a chemical reaction. 

Enthalpy [32]: 
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              (4) 

where the h
～

 denotes the enthalpy, including enthalpies of formation. 

2.2.2 Sub-grid pdf and stochastic fields approach 

Because of the difficulties encountered in evaluating the chemical source terms, equations (3) 

and (4) are not solved directly but rather an approach based on a modelled evolution equation for 

the spatially filtered joint fine-scale probability density function (pdf) is adopted [33], as revised by 

Brauner et al [34]. The temporal evolution of the joint sgs-pdf is represented by an ensemble of N 

stochastic fields, with each field involving the Ns + 1 scalars, denoted ( , )n x t  with 1 ≤ n ≤ N and 1 

≤ α ≤ Ns + 1. In the present work, the Itô formulation of the stochastic integral is adopted; further 

details can be found in Jones et al [32]. The fields evolve according to: 


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where the final term on the right-hand side is
D p

dt
Dt

for enthalpy and the net formation rate through 

a chemical reaction in the case of chemical species. 
～

α denotes either the specific mole number of 

the α-th chemical species or the enthalpy. The Wiener process dWj
n is different for each field but 

independent of the spatial location x is approximated by time-step increments n
j d t  containing 

the {-1, 1} dichotomic random vector n
j  . The solutions of the stochastic fields equation are 

continuous and differentiable in space and continuous but not differentiable in time. 

2.3 LES verification 

First of all, the flow velocity under isothermal conditions was verified by comparing the results 

of the simulations with the particle image velocimetry (PIV) measurements of Zhang [35]. The 

combustor length and diameter are 250 and 36 mm, respectively. The slit length and width are 100 

and 3 mm, respectively and the flow rates are 80 L/min. The simulated axial and tangential velocities 

at cross-section z = 160 mm are compared with the measurements in Fig. 2. It can be observed that 

the computed results are in good agreement with the measurements with the maximum velocity 

deviation being less than 5 %. 



 7 / 23 
 

 

(a) Tangential velocity              (b) Axial velocity  

Fig. 2 LES calculation model verification in the vortex-tube combustor under the cold 

condition at z =160 mm. (a) Tangential velocity, (b)Axial velocity. 

 

Next, the simulated flame topology is compared with a photograph [16, 19] taken under the 

condition φg = 0.8 and qf = 12.0 L/min. Methane was employed as fuel in this comparison.  Fig. 3 

indicates that the binary flame structure is reproduced reasonably well by the LES. The 

experimentally observed and simulated flames at positions A and A’ and B and B’ display a strong 

similarity. Additionally, the flame diameter, length, and bifurcation also show good agreement. 

 

Fig. 3 Flame topology verification of the LES model in the vortex-tube combustor at  

φg = 0.8 and qf = 12.0 L/min. 

 

The simulated chemical species concentrations and temperature are compared with measurements 

in Fig. 4 where profiles of concentration and temperature at φg = 0.6 and qf = 12.0 L/min are shown: 

the dots denote the measurements while the lines represent the LES results. It can be observed that 

the LES results correspond closely to the measurements for both the species concentration and 

temperature distributions. The maximum deviation is always within 5 %, as above suggesting good 

reliability of the LES model. 
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Fig. 4 The reaction species and temperature distributions of the LES model and experiment on 

line_60 at φg = 0.6 and qf = 12.0 L/min. 

2. Results 

Figure. 5 displays the stability limit, in terms of equivalence ratio φg, of different fuels at a flow 

rate, qf = 12.0 L/min. The Figure indicates that the lean flammable limits are all lower than 0.15 in 

the stratified vortex-tube combustor for the five selected fuels, indicating a wide flammable limit 

that is much lower than that of typical vortex-tube combustion [19, 36]. For methane, the lean 

flammable limit as is low as φg = 0.15, which is close to the propane lean flammable limit of φg = 

0.14. For ethanol, the lean flammable limit can be as low as φg = 0.11 comparable to that of kerosene. 

The fuel n-heptane displays the widest φg lean flammable limit with a value of φg = 0.10. In the 

present study, the lean flammable limit is found to equal the lean stability limit.  

Based on the wide flammability limits of the SVC, the pressure fluctuations of the five selected 

fuels are examined at conditions corresponding to qf = 12.0 L/min and φg = 0.6. Fig. 6 indicates that 

the amplitude of pressure fluctuations (△P) is always less than 3000 Pa. For methane, propane, 

ethanol, and n-heptane, △P is always within 1000 Pa, indicating a highly steady combustion process. 

For methane case ①, it can be observed that △P is about 120 Pa; for propane case ② △P is around 

450 Pa, which is approximately twice that of ethanol; ethanol case ③ △P  is just under 250 Pa. 

For n-heptane, the pressure fluctuation amplitude is a little larger than that in the cases ① ~ ③ as 

seen in case ④ where △P is about 1000 Pa, but it is still much lower than the 5 % operating pressure 

(around 5000 Pa), indicating a highly steady combustion process in the SVC. For the kerosene 

combustion, the △P has a distinct increase, being about 2300 Pa, but is still less than the 5 % 

operating pressure. It is worth mentioning that the octane number of n-heptane is extremely low, but 

the combustion process is still very steady. Although the △P of kerosene can reach up to 2300 Pa, 

the thermal power output is around 64 kW, which is 8.1 times as large as that of methane. When the 

heat output of kerosene equals that of methane, the pressure fluctuation amplitude is about 250 Pa. 

The △P in the SVC for different fuels is still much smaller than that of a typical  RMVC 

combustion [37] and exhibits good steady combustion characteristics and good multi-fuel 

adaptability. 

 

Fig. 5 The φg stability limit of different fuels at qf = 12.0 L/min in the SVC. 

 

In addition to the flammability limits and the pressure fluctuations, the flame topologies for 

different fuels are also investigated. This is represented by the time-averaged heat release rate (HRR). 
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= 0.6, indicating that the peak HRR is about 1.0×108 W/m3, which occurs in the axial position z = 

40 ~ 80 mm, whilst a binary flame structure can also be observed clearly. The flame triple point 

occurs at around the region z = 50 mm. The exterior flame strength is stronger than the interior one 

although the two flame branches are uniform. Fig. 7 (b) displays the corresponding time-averaged 

temperature distribution and indicates that the temperature ranges between 300 to 2200 K with the 

high-temperature region being mainly distributed in the interior. A spindle-shaped flame topology 

is generated in the SVC. Additionally, from the z = constant plane, it can also be seen that the flame 

front is highly uniform throughout the SVC, and the HRR and temperature distributions are 

approximately circular. The temperature and HRR distributions for the other four fuels on the x = 

constant plane are shown in Fig. 8. For propane a binary flame structure can also be seen. Compared 

with methane the peak HRR region occurs further toward the tube head with a value nearly twice 

of methane. The interior HRR strength increases correspondingly. As a whole, both the heat release 

and temperature distributions are approximately uniform. 

 

Fig. 6 Pressure fluctuations of different fuels at qf = 12.0 L/min and φg = 0.6. 

 

 

(a) Time-averaged heat release rate  (b) Time-averaged temperature 

Fig. 7 Flame topologies of methane in the SVC on xy and yz planes at qf = 12.0 L/min and φg = 

0.6. 
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(a) Time-averaged heat release rate  (b) Time-averaged temperature 

Fig. 8 Flame topologies of different fuels in the SVC on yz planes at qf = 12.0 L/min and φg = 0.6. 

For ethanol and n-heptane, the heat release rate is also very uniform as is the temperature 

distribution. For kerosene, it can be seen that the exterior flame front is wrinkled, but the degree is 

very weak. The temperature distribution is still uniform and the high-temperature region also located 

in the interior. To summarize, the flame topology and temperature distributions are relatively 

uniform, although the flame configuration and combustion temperature distributions of each fuel 

are different. The high interior and low exterior temperature distribution accord with thermo-

dynamic stability, which is also one of the reasons for the small amplitude of pressure fluctuations 

in cases of methane, propane, ethanol, and n-heptane. Furthermore, the large amplitude of pressure 

fluctuation for kerosene indicates that the method for evaluating combustion stability in terms of 

aerodynamic and thermodynamic properties has its limitations. The contribution of the flame 

dynamics behavior, i.e., the thermo-acoustic coupling, to the combustion stability in the SVC should 

also be considered. 
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3. Discussion 

3.1 Flow and flame structures 

 

(a) xz plane                   (b) yz plane 

Fig. 9 Flow field vector and HRR distribution of different fuels at qf = 12.0 L/min and φg = 0.6. 

 

Figure. 9 displays the flow velocity vector together with the HRR on the xz and yz planes in the 

SVC, wherein the high levels of HRR denote the position of the reaction zone. This figure indicates 

that the local flow velocity in the vicinity of the reaction zone is much lower than the injected gas 

velocity due to the strong vortex flow, indicating a flow field adaptive to different fuels. Fig. 10 

exhibits radial profiles at axial positions that correspond to the position of maximum HRR for the 

different fuels. The local flow velocities at these positions are: methane 7.6 m/s at z = 60 mm; 

propane 17.9 m/s at z = 65 mm; ethanol 10.9 m/s at z = 42 mm; n-heptane 21.2 m/s at z = 70 mm; 

kerosene 56.6 m/s at z = 45 mm. This indicates a decreased local flow velocity near the flame front.  

Additionally, Fig. 9 also implies that the flow field structure is different in the xz and yz planes 

because of the three-dimensional nature of the flow field, whilst the flow field structures for different 

fuels in the same plane are similar. For the xz planes, the figures indicate that there is a vortex-flow 

in the upstream section before z = 60 mm for different fuels, except for kerosene, where a low local 

velocity occurs. The location of the vortex core varies slightly with different fuels. The presence of 

a vortex flow in the yz section is not obvious, but the flow still continuously passes in and out of the 

flame front with a decreased local flow velocity. 
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Fig. 10 Flow velocity of different fuels at different feature positions on the xy plane at qf = 12.0 

L/min and φg = 0.6. 

 

(a) Species distribution of methane         (b) CO           (c) Mixture fraction Z / Zst 

Fig. 11 Flame structure of different fuels at qf = 12.0 L/min and φg = 0.6. 

 

Figure 11a displays contour plots of the mean concentrations of CH4, O2, CO, H2, and CO2 for 

for methane while Fig. 11b and 11c show contours of CO and mixture fraction divided by the 

stoichiometric value Zst, for all five fuels. Combined with Figs. 7 and 8, Fig. 11a suggests that the 

oxygen concentration near the flame front is low while the CO level is high. This is consistent with 

the high levels of stratification experienced within the combustor. The high CO concentrations that 

occur for all fuels are indicative of high levels of stratification. Fig. 11c shows the ratio of mixture 

fraction Z and its stoichiometric value Zst, indicating that the mixture fraction ratio Z / Zst increases 

along the radial direction towards the centreline for all of the five fuels where all exceed 1.0 in the 

interior region. Further, the flame index, ξf was examined and is given by [38]: 

f 2=                                                                  (6)sY O     

where Ys represents the mole fraction of the reactive species (Fuels, CO, and H2). 
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(a) Fuel                  (b) CO                    (c) H2 

Fig. 12 Flame index of different fuels on xz plane at qf = 12.0 L/min and φg = 0.6. 

 

The flame index ξf provides a representation of the combustion process. When the value of ξf is 

negative, non-premixed combustion takes place while a positive value indicates premixed 

combustion. Fig. 12 displays the flame index from which it is easily observed that the Fuel and O2 

mainly lead to premixed combustion, whereas the CO and H2 with O2 result in non-premixed 

combustion. Thus, the interior flame branch in Fig. 8 exhibits non-premixed burning, while the 

exterior one exhibits premixed burning, indicating a non-premixed flame structure in the SVC. 

Furthermore, Fig. 13 (a) displays profiles of the mixture fraction ratio (Z / Zst ) in the xy plane at the 

different axial positions given in Fig. 11c. It can also be easily observed that Z / Zst increases from 

the wall towards the centreline. When the x coordinate is less than about 21.5 mm, the values of Z / 

Zst all exceed 1.0. Therefore, non-premixed burning arises in the combustor. 

The non-premixed flame is the key factor in the generation of the binary (or triple) flame structure 

shown in Figs. 7 and 8. The non-premixed burning results in a relatively high concentration of fuel 

and CO in the vicinity of the reaction zone as shown in Fig. 13(b). The reaction zone automatically 

adjusts to produce large concentrations of CO and fuel concentrations under various φg conditions. 

This figure indicates that the fuel mass concentration is above 20 g/m3 near the reaction zone for all 

of the five representative fuels, whilst the CO mass concentration is above 20 g/m3 implying a high 

reactive mixture near the flame front. Based on the specific flow field structure as discussed above, 

the high reactive species concentration in the combustor will be transported to the reaction zone, 

and result in an intensified combustion. 
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(a) Mixture fraction ratio Z / Zst                (b) Fuel and CO mass concentration 

Fig. 13 The flame structure of the five representative fuels on xz plane at qf = 12.0 L/min and φg = 

0.6. 

 

Thus, the non-premixed flame structure and vortex flow can improve the ability of the combustor to 

adapt to the use of different fuels and different working conditions. It is the principal factor in the 

resultant large flammable limits and good stability properties of the combustor. In addition, the 

temperature or sensible enthalpy and species distributions and the flow field structure will lead to 

enthalpy transport to the exterior unburnt gas region and reaction zone, which will inevitably affect 

the combustion process. These will be further analyzed in section 3.2 below. 

3.2 Vortex-flame interaction and combustion intensification 

To investigate the underlying mechanisms providing good stabilization performance and large 

flammable limits with a uniform flame, the vortex-flame interaction was investigated by analyzing 

the transport flux of the sensible enthalpy and the reactive species. Attention is focused on the 

strengthening of the combustion process and preheating aspects. Fig. 14 displays the enthalpy field, 

the dominant species distributions and their corresponding transport flux fields, and the heat release 

rate distribution for methane in the xz and yz planes for qf = 12.0 L/min and φg = 0.6. Fig. 14(a) 

indicates that the flow field transports the high sensible enthalpy and burnt gas to the flame front at 

a position corresponding to a low HRR which facilitates the reaction process. In addition. high 

values of sensible enthalpy are transported to the exterior unburnt gases (CH4 and O2) region to 

preheat the unburnt species, thus promoting the ignition procedure. Additionally, based on the 

species distribution in the SVC discussed above, the flow field can also transport the reactive species 

to the reaction zone to intensify the combustion process. It is worth mentioning that the spindle-

shaped flame topology can lead to the normal direction of the reaction zone and exterior unburnt 

gas region having both radial and axial transport flux components, yielding large transport fluxes of 

enthalpy and reactive species. 

To clarify matters further, the data on line-ab, line-cd, and line-a´b´ are extracted to quantify the 

impact as shown in Fig. 15. The line-ab denotes the line normal to the flame front and the 

intersection at z = 20 mm in the xz plane. The line-cd represents the line normal to the flame front 

at z = 60 mm position where a peak in HRR occurs. The a´b´ indicates the line normal to the flame 

front at z = 20 mm position in the yz plane. 

Figure. 15(a) shows the relevant data on line-ab, which indicates, based on the flow direction 

being from b to a point in the normal direction of the flame front, that the transport flux of the 
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sensible enthalpy (Jh) near the reaction zone can reach 2000 (kJ · m)/(kg · s), while, Jh in the exterior 

unburnt gas region can in addition reach 1500 (kJ · m)/(kg · s). Based on the transport equation of 

the enthalpy and species [32], the transport flux of the sensible-enthalpy and species can be obtained 

from the following equations: 

 





h

k
k

 =                                                            7

 =                                                             8

sgs e
e

sgs

sgs

sgs

h
J uh
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J uY

r
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 
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 

  
     

  
     

（ ）

（）

                       

where he denotes the filtered sensible enthalpy, u is the velocity normal to the flame front or unburnt 

species, r refers to the distance normal to the flame front or unburnt species, Yk represents the mass 

concentration of the species k, μ and μsgs are the molecular and sgs viscosities with σ and σsgs being 

the molecular and sgs Prandtl/Schmidt numbers. 

 

Fig. 14 The flow field vector colored by different critical variables with HRR of methane at qf = 

12.0 L/min and φg = 0.6. 

 

The results demonstrate that a certain amount of sensible-enthalpy is transported to the reaction 

zone and the unburnt gas region thus promoting the reaction in the tube head region and ignition. 

Correspondingly, Fig. 15(b) exhibits the relevant data along line-a´b´, where the flow direction is 

from a´ to b´. The exterior high enthalpy and unburnt species are transported to the flame front, 

thereby promoting combustion. 

Figure. 15(b) implies that the transport flux of CH4 and O2 can reach 0.005 and 0.0072 kg/(m2·s) 

respectively, which is relatively small as a consequence of the low local velocity and low O2 

concentration here (local φ is 2.78). It is also the reason that the combustion process in the region 

near the tube head is not intense. However, the combustion on line-cd is very intense as seen in Fig. 

15(c), where the HRR can reach 6.0×108 W/m3; the flow direction is from point c to d. Fig. 15(c) 

shows that the transport flux of CH4 and O2 can reach up to 0.025 and 0.113 kg/(m2·s) respectively. 

The transport fluxes of CH4 and O2 are around 5 and 15.7 times of those in line-ab. The local φ of 

1.13 results in the mixture being much more reactive, which is the essential reason for the highest 
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HRR on line-cd. The intensified combustion can give rise to a large density gradient denoted as grad 

ρ, which can facilitate thermo-dynamic stability according to the Rayleigh stability criterion[18]. 

Additionally, the increase of grad ρ can also give rise to an increase in the flame speed [39] according 

to the expression: 

 
0 .5

m ax= k g rad                                                (9 )uS V   

in which Su is the flame speed, Vθmax denotes the maximum tangential velocity in Rankine’s 

combined vortex, k represents a constant coefficient, and grad ρ indicates the density gradient. 

The flame speed increase mechanism in a vortex flow has been interpreted by Ishizuka et al., [39, 

40]. Based on the flame speed increase mechanism and Eq. (9), it is evident that Su increases with 

the grad ρ. Given the intensified combustion is in favor of increasing the grad ρ, consequentially the 

flame speed will increase and improve the matching of local flow velocity and flame speed, resulting 

in a steady and uniform flame topology as seen in Fig. 6 

 

(a) line-ab on xz plane  

 

(b) line-a´b´on yz plane 

 

(c) line-cd on xz plane 

Fig. 15 The enthalpy and species transport property of methane in the normal direction of flame-
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front at different feature positions. 

 

The profiles for the other four fuels are also extracted and as shown in Figs. 16 and 17. In Fig. 

16, line-ab and the profiles at different axial positions on the xz plane are shown. The selection of 

the different axial positions is based on the position of the peak HRR in the axial direction. As for 

line-ab, the flow is in the same direction as methane, viz., from b to a point. Fig. 16 indicates that 

the enthalpy transport fluxes Jh of the other four fuels are also high in the flame front and exterior 

unburnt gas regions. To put it concisely, the Jh is always above 5000 (kJ · m)/(kg · s) in the reaction 

zone. The values of Jh in the unburnt gas region are 1043 (kJ · m)/(kg · s) for C3H8, 3928 

(kJ · m)/(kg · s) for C7H16, 4321(kJ · m)/(kg · s) for C12H23, and 3591(kJ · m)/(kg · s) for C2H5OH. 

Correspondingly, exterior unburnt gas will be heated and then the ignition of the unburnt gases will 

arise. 

 
Fig. 16 The enthalpy and species transport property of different fuels in the normal direction of 

flame-front on line-ab. 

 

 
Fig. 17 The enthalpy and species transport properties of different fuels on the xz plane at different 

0.0

2.0E8

4.0E8

6.0E8

8.0E8

1.0E9

1.2E9

flow direction

 

H
e
a
t 
R

e
le

a
se

 R
a
te

, 
H

R
R

 [
W

/m
3

] Preheat 
zone

a point b point

1E-4

1E-3

0.01

0.1

1

M
a
s
s 

co
n

ce
n

tr
a
ti
o
n
, 

 [
kg

/m
3
]

HRR

Jh

C3H8

Preheat 
zone

 

HRR×10

JhC7H16

flow directiona point b point

0

2000

4000

6000

8000

10000

12000

14000

E
n
th

a
lp

y
 t
ra

n
s
p
o
rt

 f
lu

x
, 
Jh

 [
(k

J
·m

)/
(k

g
·s

)]

0 2 4 6 8

0.0

2.0E8

4.0E8

6.0E8

8.0E8

1.0E9

1.2E9

Preheat 
zone

Jh/2

 

Distance, S [mm]

N-C10H22

HRR

0 2 4 6 8

Preheat 
zone

 

 

HRR×5

Jh×4

C2H5OH

0

2000

4000

6000

8000

10000

12000

14000

 

1E-4

1E-3

0.01

0.1

1

24 22 20 18 16

C2H5OH
y = 0 mm

z = 42 mm

  HRR

 

 

1E-4

1E-3

0.01

0.1

1

  Fuel mass concentration

1E-4

1E-3

0.01

0.1

1

 J_fuel

0

100

200

300

400

  gradρ

D
e
n

s
ity

 g
ra

d
ie

n
t,
 g

ra
d
ρ

24 22 20 18 16
0.0

4.0E8

8.0E8

1.2E9

1.6E9

2.0E9 N-C10H22
y = 0 mm
z = 45 mm

 

Radial direction, x [mm]

C7H16
y = 0 mm

z = 70 mm

 

1E-4

1E-3

0.01

0.1

1

F
u

e
l 
tr

a
n
s
p
o
rt

 f
lu

x
, 
J
_
fu

e
l  

[k
g
/(

m
2
·s

)]

M
a
s
s
 c

o
n
c
e
n
tr

a
ti
o
n
, 
 [
k
g
/m

3
]

1E-4

1E-3

0.01

0.1

1

0

100

200

300

400

0.0

4.0E8

8.0E8

1.2E9

1.6E9

2.0E9

 

 

H
e
a
t 
re

le
a
s
e
 r

a
te

,H
R

R
 [
W

/m
3
]

Wall
Flow direction

C3H8
y = 0 mm

z = 65 mm



 18 / 23 
 

axial positions. 

 

Figure. 17 displays the profiles for the different fuels at various axial positions in the xz plane 

based on the position of the peak HRR in the axial direction. The flow is from the wall to the center. 

For C3H8, the HRR peak is at z = 25 mm. The mass concentration of C3H8 in the exterior unburnt 

gas region can reach 0.018 kg/m3, and the corresponding transport flux JC3H8 can reach 0.089 

kg/(m2 · s), yielding an intensified combustion with an HRR of 1.40×109 W/m3. The resultant grad 

ρ at the HRR peak position is around 176.4, giving rise to good thermo-dynamic stability and a high 

flame speed based on Equation 9. By the same token, the high concentration of fuel and the high 

species transport fluxes to the reaction zone for the other fuels are also the principal reason for the 

intensified combustion in the SVC. The resultant HRR maxima are 1.42×109 for C7H16, 1.51×109 

for C12H23, and 9.98×108 W/m3 for C2H5OH. The corresponding grad ρ at the position of maximum 

HRR is 190.0 for C7H16, 89.3 for C12H23, and 100.8 for C2H5OH, indicating good thermo-dynamic 

stability and a high flame speed. 

3.3 Dynamics and stabilization 

The modified Richardson number Ri
* provides an indication of the degree of aero-dynamic and 

thermo-dynamic stability. It provides a measure of the ratio of centrifugal forces to the inertia force 

in a field with density gradients and can be expressed by the following [41]. 
2

i 2

(1 / )( / )( / )
=                                              (1 0 )

( / )
* r W r

R
U r

  

 
 

where ρ is the density, r is the radial position, ∂ρ/∂r is the density gradient, W is the tangential 

velocity, and ∂U/∂r is the gradient of axial velocity. 

When Ri
* exceeds 1.0, the stabilization effect of centrifugal forces with density gradients is larger 

than those of the destabilizing inertia forces resulting in laminarization of the turbulent flow. Based 

on the intensified combustion in this combustor, the density gradient is very likely to be large. 

Equation 10 indicates that Ri
* increases with the density gradient (grad ρ). Considering the large 

value of the grad ρ as seen in Fig. 17, Ri
* was evaluated to quantify the stabilization influence.  

 
Fig. 18 Ri

* values of different fuels on the xz plane at different feature positions. 

 

Fig. 18 displays the profiles of Ri
* values along the radial direction at different axial positions in 

xz plane, based on the position of maximum HRR in the axial direction. It can easily be observed 

that the values of Ri
* in the flame-front region Ri

*_p are always larger than 1.0 for all fuels. The 

Ri
*_p of methane is 731.5, which will give rise to laminarization and stabilization of the flow. 
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Similar effects are evident for the other fuels. Another interesting phenomenon is that the pressure 

fluctuation amplitude △P does not correlate with Ri
*_p. Similarly, the mean values of Richardson 

number Ri
*_m at the different positions are always larger than 1.0 but are not closely related to the 

variation of △P. The respective values of Ri
*_p = 39.2 and Ri

*_m = 156.0 for kerosene are large, 

but the corresponding △P is the largest of 4000 Pa. This is because the Richardson number is 

uninfluenced by flame dynamics, which is of additional importance for combustion stability. 

In order to quantify the effect of the flame dynamic, the Rayleigh parameter Ra(x) is evaluated 

for the different fuels with results being shown in Fig. 19. The Ra(x) is defined as the time-averaged 

product of the pressure fluctuation p’(t) at the point_60 position and volume-averaged heat-release 

fluctuation q’(t), as shown in equation 11. It provides a qualitative measure of the extent to which 

unsteady heat release drives or suppresses instabilities [42]. 

' '1
( ) ( ) ( )                                                                                       (11)Ra x p t q t dt


   

where t, τ are time, and the integral time, respectively. 

 
Fig. 19 Rayleigh parameters Ra(x) values of different fuel situations at qf = 12.0 L/min and φg = 

0.6. 

 

Figure. 19 displays the values of Ra(x) for the five fuels at qf = 12.0 L/min and φg = 0.6. The 

numbers printed on the figure are the corresponding amplitudes of the pressure fluctuations. Fig. 19 

shows that the Rayleigh number, Ra(x) correlates closely with the △P. When Ra(x) increases the 

corresponding △P increases also. The values of Ra(x) are all above zero, which indicates that the 

thermos-acoustic coupling takes place for all fuels at the specified flow rate and equivalence ratio. 

However, with the exception of kerosene, the Ra(x) values are small, thus the thermo-acoustic 

coupling effect on the pressure fluctuation is correspondingly small as a consequence of the 

stabilizing influences of the swirling motion and stratification. The amplitude of the pressure 

fluctuations is small and less than 1000 Pa (see Fig. 6). In the case of kerosene, the value of the 

Rayleigh number is 0.307, a value much larger than that of the other four fuels. This is the reason 

for the larger amplitude pressure fluctuations observed with kerosene. 

Figure 20 illustrates the pressure and heat release fluctuations of kerosene at qf = 12.0 L/min and 

φg = 0.6. It can be easily observed that the heat release rate, HRR, shows a strong correlation with 

the pressure fluctuation, consistent with the occurrence of thermo-acoustic coupling. The pressure 

fluctuations for kerosene are the largest among the five fuels. The amplitudes of heat release rate 

are about 6×106 W/m3 while that of pressure is around 2300 Pa, about 2.3 % of the operating pressure. 

The combustion is essentially steady suggesting a large Ri
* and small Ra(x) is sufficient for a steady 
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combustion process. 

 
Fig. 20 The pressure and heat release fluctuation properties of kerosene at qf = 12.0 L/min and φg 

= 0.6. 

4. Summary and conclusions 

In this study, five representative fuels, methane, propane, n-heptane, ethanol, and surrogate 

kerosene, are employed to investigate the fuel adaptability of the stratified vortex-tube combustor 

(SVC). To simplify the comparisons only gaseous fuels were considered thereby avoiding the 

complication issues of evaporating sprays. Results show that the combustion process is always 

highly steady, indicating good multi-fuel adaptability. The underlying mechanism leading to fuel 

adaptability in the SVC has also been explored in detail. The specific conclusions are summarized 

as follows: 

1. The lean flammability limits are all lower than 0.15 in the stratified vortex-tube combustor 

(SVC) for the five selected representative fuels with a highly uniform flame topology. The 

amplitude of pressure fluctuation is always less than 2300 Pa, indicating good fuel adaptability 

and high combustion stability. 

2. The strong swirling motion in the SVC can decrease the local velocity in the region near the 

reaction zone. The non-premixed flame structure ensures that the reaction zone always has a 

relatively high concentration of reactive species, which is beneficial in increasing the 

combustion intensity and flame speed, subsequently improving the matching of local velocity 

and flame speed. These suggest a good self-adjusting capacity for both flow field and species 

concentration. 

3. Based on the spindle-shaped flame topology and structure, the flow field can transport a large 

amount of sensible enthalpy and burnt gas to the exterior unburned gas region and thereby 

promoting the ignition of the unburned gas. The flow field can also transport a large number of 

preheated reactive species to the reaction zone, yielding a high combustion intensity. The 

intensified combustion leads to a large density gradient, subsequently promoting thermo-

dynamic stability. 

4. The large value of Richardson numbers arises for all of the fuels considered: the values are 

always larger than unity leading to laminarization of the flow, viz., good aero-dynamic and 

thermo-dynamic stabilities can be obtained. Additionally, the influence of flame dynamic is 

quantified by the Rayleigh number further, the resultant low value indicates a good flame 

dynamic. The three types of dynamic stabilities are the principal reasons for the super-steady 
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combustion in the SVC. 

Thus, a combination of Richardson and Rayleigh numbers should be considered to determine a 

generalized criterion of stabilization: large Richardson and small Rayleigh numbers are required for 

a highly steady combustion process. This should be important in the future design upgrades and 

transformation of various engines, gas turbines, and industrial combustors. 
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