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Abstract 

The mixing and combustion processes under different reference velocities in a gas tur-
bine combustor were numerically investigated using the Flamelet Generated Manifold 
(FGM) model based on the Reynolds Averaged Navier–Stokes (RANS) method. The flow 
and combustion fields show strong self-similarity except on the slow auto-ignition 
in the mixing layer between fuel-rich product and fresh air upstream of the flame 
stabilization position. The time-scale analysis was carried out to understand the com-
bustion modes inside the combustor. In general, the residence time of the fuel-mixture 
is much longer than both the chemical time scale and the mixing time scale. Thus, 
the combustion properties in each sub-zone were dominated by the mean flow 
structures. Furthermore, the combustion process exhibits a mixing-controlled feature 
in total. However, partially premixed combustion still appears on the flame base. Most 
of the fuel was found to be oxidized in the primary zone and the intermediate zone; 
however, the slow oxidization reactions also play a non-negligible role on the whole 
combustion process. Finally, a sketch map on the space of mixture fraction and com-
bustion efficiency was proposed to understand the mixing and oxidization experiences 
of the fuel mixture.

Keywords:  Gas turbine combustor, Swirling flame, FGM, Combustion mode, Time-
scale analysis

1  Introduction
One of the most important parts of an aircraft gas turbine is the combustor, which 
increases the thermal energy of a stream of moving air through combustion. Due 
to their excellent performance in terms of ignition and flame stabilization, swirling 
flames are widely used in modern gas turbine combustors. In a swirling combustor, 
the flame is anchored by imparting an azimuthal component to the flow (usually by 
passing the airstream through a swirler). The rotation induced by these devices gener-
ates a central recirculation zone (CRZ) and, in many cases, an outer recirculation zone 
filled with hot combustion products, which serves as a continuous ignition source to 
stabilize the flame [1]. The flow and combustion behaviors of confined swirling flames 
with liquid fuels are of technical and fundamental interest. Numbers of experimental 
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rigs have been designed, and optical diagnostics have been carried out to investigate 
the swirling flame under aero-engine relevant conditions [2–6]. Numbers of numeri-
cal works (e.g., Refs. [7–9]) targeted to these laboratory combustors have also been 
carried out to improve the understanding on the combustion process in aero-engines.

To extend the operating range, lateral air jets are implemented as well as the swirl-
ing airflow in the real aero-engine combustors [10]. As a result, the region inside 
the combustor is further divided into several sub-zones by the lateral air jets. These 
are the primary zone, the  intermediate zone, and the dilution zone [11]. The labo-
ratory combustors were usually simplified for optical diagnostics. Among the above 
research, the flow and flame structures downstream of the swirler, which corresponds 
to the primary zone, have been investigated. Due to the complexity of geometry, most 
of the research works on real combustors (e.g., Refs. [12–14]) focused on the global 
performances, including the combustion efficiency, lean blow-out limit, total pressure 
recovery, and temperature pattern at the outlet. However, little attention was focused 
on the combustion characteristics in the intermediate zone and the dilution zone, 
which could also have effects on the combustion efficiency.

Among the flow parameters in the combustor design, the reference velocity [11], 
which is  defined as the mean velocity across the plane of the maximum cross-sec-
tional area of the casing in the absence of liner, is important to determine the radial 
scale of the combustor. The radial scale of the combustor directly affects the specific 
windward area thrust of the engine, which is crucial to the flight speed of the aircraft. 
On the other hand, incrementing the reference velocity may increase the challenges 
of combustion stabilization and efficiency.

Computational fluid dynamics (CFD) is a powerful tool in the research of the aero-
engine combustor. However, the Direct Numerical Simulation (DNS) and Large-Eddy 
Simulation (LES) are still too expensive on the CPU hour cost and computational 
period for the engineering design. On the other side, Reynolds-averaged Navier–
Stokes (RANS) simulation is computationally efficient and is widely employed in 
the design. Models on the interaction of combustion and turbulence (the so-called 
“turbulent combustion model”) are the most important model on the accuracy of the 
modeling. The Flamelet Generated Manifold (FGM) model developed by Van  Oijen 
and De Goey [15] has emerged as an attractive approach for simulating combustion 
in gas turbine combustors, contributing to its less computational resource require-
ments. It has been well-validated for the confined swirling spray flame in gas turbine 
combustors [14, 16, 17]. Since the thermal properties (including the compositions 
and temperature) of the flame are tabulated based on the mixture fraction and reac-
tion progress, the computational cost is free on the chemical kinetics, which makes it 
possible to involve detailed chemical kinetics in the modeling of the real combustor.

Motioned by the above discussions, the FGM model coupled with the RANS 
method is used to investigate the combustion process in a small-scale combustor with 
a  high reference velocity. The objectives of this study are to delineate the effect of 
the  reference velocity on the combustion process and to improve understanding of 
the combustion modes inside the combustor, which aim to provide technical guid-
ance for further optimization of the combustor.
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2 � Combustor geometry and numerical setup
The study object in the present work is an annular swirling combustor designed for a 
small-scale turbojet engine with high specific area thrust. To improve the specific area 
thrust of the engine, the reference velocity of the combustor at the designed point is 
around 25 m/s, which is much higher than the combustor for a similar-scale engine. The 
combustor contains 12 same sectors. As shown in Fig. 1, the combustor is characterized 
by an inlet diffuser, snout, liner, swirler, fuel injector, and casing. A single-stage swirler 
with an installing angle of 60° is used for flame stabilization. The liquid kerosene is used 
as the fuel. A hollow-cone atomizer with an 80° spray angle is used for fuel injecting. The 
thickness of the liner is 1 mm. The discrete-hole film with a diameter of 1 mm is used 
to cool the liner. The primary air holes and the dilution holes divide the inside region of 
the liner into three sub-zones: primary zone, intermediate zone, and dilution zone. The 
operation conditions for the present study are listed in Table 1. Two cases with only a 
difference in the reference velocity are considered, in which the case with a high refer-
ence velocity corresponds to the designed point of the combustor.

The flow and combustion processes are modeled using the commercial CFD soft-
ware ANSYS Fluent [18]. The coupled Eulerian-Lagrangian approach is used to model 
the double-phase flow process, in which the flow and combustion in the gas phase are 
solved in the Eulerian frame; the atomization and evaporation processes of the liquid 
fuel are modeled in the Lagrangian frame. The flow and spatial transport of the gas phase 
are solved on the steady RANS frame with the realizable k-epsilon model. The  FGM 
model is employed for the interaction of turbulence and combustion, in which the flame 
structure is described using the mixing fraction (z) and the  reaction progress variable 

Fig. 1  Single sector geometry of the studied combustor

Table 1  Operation conditions for the simulations

Uref [m/s] P [atm] Tinlet [K] FAR [-]

Case 1 25 6.5 540 0.018

Case 2 8 6.5 540 0.018
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(c) based on the flamelet assumptions [19]. The flame tabulation for the FGM model is 
generated based on the diffusion flamelet equations [19]. Beta-shape probability density 
function (PDF) is assumed for the fluctuations of both the mixture fraction and the pro-
gress variable. Following the sensitivity studies carried out by Ihme et al. [20] and Yadav 
& Nakod [21], the reaction progress variable is defined based on CO2 and CO mass frac-
tions. The reaction progress variable and the normalized reaction progress are defined as

where Y eq
c  is the reaction progress variable under the chemical equilibrium state, and is a 

function of mixture fraction (z). In the RANS simulation, the turbulent flame structures 
are modeled by transporting the mixture fraction, the unnormalized reaction progress 
variable, and their variances, expressed as

The mean normalized reaction progress variable is calculated as

where Ỹ eq
c  is the function of the local mean mixture fraction and its variance, and is pre-

tabulated in the FGM model. All the thermodynamic properties (e.g., the mass fraction, 
temperature, density, et al.) are pre-tabulated as a function of the mean mixture fraction, 
the mean reaction progress variable, and their variance. Take the species mass fraction 
as an example:

The discrete phase model in the steady formula is implemented to model the motions 
of the liquid fuel, in which the atomization of the liquid fuel is ignored, and a constant 
diameter is assumed for the liquid particles during their lifetime in the combustor. The 
details on numerical methods can be found in Ref. [22]. A detailed chemical mechanism 
with 203 species and 1592 element reactions [23] was employed to generate the FGM 
table.

The simulations consider one of the annual sectors with periodic boundary conditions. 
The meshing package, named “Fluent Meshing”, in the ANSYS Fluent [18] is employed 

(1)
Yc = YCO2

+ YCO,

c =
Yc

Y
eq
c (z)

,

(2)

∂ρz̃

∂t
+

∂

∂xi
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to generate the mesh for CFD simulations, in which the computational domain is discre-
tized using tetrahedral cells. The mesh is locally refined around and inside the combus-
tor liner. The minimal grid size is 0.25 mm; the grid size inside the combustor liner is 
limited in 2 mm. Around 9.2 million cells in total are used for the mesh. The mass flow 
rate and temperature are fixed at the inlet; the pressure boundary is set up for the outlet; 
the adiabatic wall boundary is set up for the diffuser, casing, swirler, and liner. The com-
putations were carried out on the high-performance computers in the National Super-
computer Center in Guangzhou with 32 CPUs. Around 1000 CPU hours were consumed 
for each case.

3 � Model validation
3.1 � Evaluation on the DLR model combustor

The numerical methodology is first evaluated on the DLR Generic Single Sector Com-
bustor (GENRIG). The details on the model combustor can be found in Refs. [6, 24]. 
As shown in Fig. 2a, the model combustor features a square cross section of 102 × 102 
mm2 and a length of 264 mm. Electrically preheated compressed primary air (marked 
as yellow color in Fig.  2a) was supplied to the plenum upstream from the combustor 
chamber. Additional preheated air was diverted from the primary air and guided to the 
windows for cooling. The secondary air supply shown in the figure was not used in the 
present conditions. As shown in Fig. 2b, the burner contains a co-rotating double stage 
air swirler coupled with a pre-filming fuel injector. The liquid kerosene is used as the fuel 
in the experiment. The isothermal and reactive cases are modeled in the present evalua-
tion. The operation conditions are listed in Table 2. Following the work of Jones et al. [7], 
the cooling air is omitted in the present simulation since the cooling holes are located 
downstream to the interested region. The same method as used in the partial combustor 

Fig. 2  Schematics of the DLR Generic Single Sector Combustor. a Geometry of the experimental rig. b 
Geometry of the burner

Table 2  Operation conditions on the DLR combustor

Case Air pressure 
[MPa]

Air Temperature 
[K]

Burner air flow 
[g/s]

Cooling air flow 
[g/s]

Fuel flow [g/s]

Isothermal 0.4 295 82 0 0

Reactive 1.0 650 140 39 6.8
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is used to discretize the present simulated domain, which results in an instructed mesh 
with around 5.2 million cells.

Figure  3 shows the comparison of the measured [6, 24] and simulated profiles of the 
axial, radial, and tangential velocities at planes normal to the combustor axis at two loca-
tions (z = 5 mm and 10 mm) for the isothermal case. It is shown that the predicted pro-
files of the three velocity components agree well with the measured data. Both the size of 
the recirculation zone and the magnitude of the velocity components are accurately repro-
duced. Figure 4 compares the simulated result with the experimental measurements [6] for 
the reactive case. The temperature in the experiment was measured by a two-line Planar 
Laser-induced Fluorescence (PLIF) [25]. The present method can capture the combustion 
feature reasonably under the present conditions, e.g., the “V-shape” of flame structure, the 
magnitude of temperature at the reaction region, and the lift-off at the flame base. Overall, 
the present numerical methods can reasonably predict the combustion process for the con-
fined swirling spray flames.

3.2 � Sensitivity study on the θ‑parameter

To further evaluate the numerical methods, the sensitivity of combustion efficiency to the 
burner load is studied. The burner load is described by the well-known “θ-parameter” [11], 
which is defined as

Fig. 3  Radial profiles of the axial, radial and tangential mean velocities from the isothermal case. Squares 
represent the experimental results from Refs. [6, 24]
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All the parameters in the equation are in the SI units. As listed in Table  3, the 
θ-parameter varies between 6.65 × 106 and 8.47 × 107 by varying inlet pressure, tempera-
ture, and reference velocity, and the fuel-to-air ratio (FAR) is kept at a constant of 0.018 
in the present sensitivity study. The combustion efficiency of the fuel is integrated at the 
combustor outlet. The combustion efficiency is defined based on the “C” atom, which 
is expressed as

(5)θ =
p1.75Aref D

0.75
ref exp(Tin/300K )

ṁair
.

(6)ηc =
ṁCO2

/MCO2
+ 0.531ṁCO/MCO

ṁz/Mfuel · NC ,fuel
,

Fig. 4  Comparison of the numerical result with the experimental measurement for the reactive case: a 
temperature distribution from simulation; b temperature distribution based on the OH_PLIF measurement; 
c photographs of flame. The experimental result from Ref. [6]. The white box dash corresponds to the 
measuring window in the experiment

Table 3  Operation conditions for the θ-parameter sensitivity study

No P [atm] Tinlet [K] Uref [m/s] θ-parameter

1 0.5 300 25 6.65 × 106

2 0.5 300 18 9.23 × 106

3 1 300 25 1.12 × 107

4 0.5 400 25 1.24 × 107

5 1 300 18 1.55 × 107

6 1 400 25 2.08 × 107

7 0.5 538 25 2.63 × 107

8 1 538 25 4.43 × 107

9 0.5 538 10 6.59 × 107

10 6.5 400 25 8.47 × 107
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where ṁi is the mass flow rate of the “i” specie on the slice; Mi is the molecular weight 
of the “i” specie. NC ,fuel is the “C” atom number in the fuel molecule. The coefficient 
of 0.531 is referred to Ref. [26, 27], which assumes that 53.1% of the thermal power is 
released when the carbon atom is oxidized from kerosene to carbon monoxide (CO).

Figure  5 shows the combustion efficiency with different values of the θ-parameter. 
The shadow regions in the figure indicate the empirical trend summarized based on a 
large number of experiments with varying combustion chambers [11]. The combustion 
efficiency predicted based on the present method shows a similar trend to the empiri-
cal trend. There is a critical value on the θ-parameter for combustion efficiency. When 
the θ-parameter is below the critical value, the combustion efficiency decreases quickly 
with the decreasing of the θ-parameter; the combustion efficiency shows independence 
on the θ-parameter when it is above the critical value, and the combustion efficiency 
is close to 100%. The critical value for the present combustor predicted by the present 
model is around 2 × 107, which is close to the empirical value. The predicted combustion 
efficiency is slightly higher than the empirical value. A possible reason for this difference 
may be the ignorance of the fuel atomization effect under different aerodynamic condi-
tions in the present numerical method. However, the values of the θ-parameter for the 
studied cases listed in Table  1 are  much higher than the critical value (1.80 × 108 and 
5.64 × 108), which indicates that the present numerical method is reliable for the studied 
cases in the present work.

4 � Results and discussion
4.1 � Results on the combustion and flow fields

Air flow distributions of the combustor liner under different conditions are listed in 
Table  4. The air distributions with different reference velocities are almost the same. 
Only slight differences in the air flow portion exist for the swirling air and the cooling air. 
The relative difference of the air flow is limited to 1.2%, which reveals the self-similarity 

Fig. 5  Combustion efficiency versus the θ-parameter. The shadow regions in the figure indicate empirical 
distributions summarized in Ref. [11]
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of the flow field under the present conditions. The profiles of the normalized axial veloc-
ity shown in Fig.  6 further prove this conjecture. Figure  7 shows the velocity field on 
the middle and side planes. The velocity distributions are similar to each other for case 
1 and case 2. For brevity, only the velocity distribution in case 1 is shown in Fig. 2. The 
streamlines in the figure show that a large-scale recirculation zone with a dual-vortex 
structure is generated in the primary zone on the middle plane. Since the air flow in the 

Fig. 6  The axial velocity profile at x = 30 mm (x = 0 at the outlet of the swirler)

Fig. 7  The velocity distribution with Uref = 25 m/s
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primary zone is mainly from the swirler passage, the streamlines on the side plane show 
a “point source” on the side plane. The recirculation zone is key to flame stabilization in 
the swirling combustor [11]. The flow jets from the primary holes penetrate the center of 
the combustor. The primary air jets can generate low-speed regions in the intermediate 
zone, which can improve the combustion in the intermediate zone.

Figure 8 shows the temperature distributions on the middle plane and the iso-surface 
of z̃ = zst . The high-temperature mixture is distributed in the primary and intermediate 
zones, which agrees well with the design concept of the swirling combustor. The geom-
etry of the iso-surface in the figure shows that the fuel-rich mixture based on the mean 
mixture mainly exits in the primary zone. The temperature distributions are also similar 
to each other for the cases with different reference velocities. However, some slight dif-
ferences can also be identified from the figure. For example, the wake of the primary jets 
is longer for the case with a high reference velocity. The angular averaged temperature 
and normalized axial velocity shown in Fig. 9 further validate the sef-similarity of the 
combustion field under the present conditions.

The combustion efficiency integrated at different axial positions is plotted in Fig. 10. 
Overall, the combustion reaction mainly occurs in the primary and intermediate zones. 
In detail, only about 65% of the injected fuel is combusted inside the primary zone; about 
30% of the fuel is combusted in the intermediate zone; the slight net fuel is consumed in 
the dilution zone. Based on the curve in Fig. 10, the main effect of the reference velocity 

Table 4  Air flow distributions under different conditions

Swirling air Primary air Dilution air Cooling air

Case 1 17.1% 24.2% 30.9% 27.8%

Case 2 17.3% 24.2% 30.9% 27.6%

Fig. 8  The temperature distribution on the mid plane and the iso-surface of z̃ = zst
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on the combustion efficiency occurs on the mixture around the swirler exit. After that, 
the residence time of the mixture (corresponding to different reference velocities) has 
a slight effect on the development of the combustion efficiency except for the mixture at 
the exit of the swirler (x < 20 mm). Though the combustion process is “incomplete” in the 
primary zone, the longer local residence time (corresponding to a lower reference veloc-
ity) can not enhance the local combustion. On the contrary, the combustion efficiency 
even gets a slower rising rate under the case with longer residence time in the primary 
zone. As the combustion develops downstream, the accumulative combustion efficiency 
in different cases gets similar in the intermediate zone and the dilution zone. At the 
outlet, the combustion efficiency is 98.9% and 99.4% for the case with Uref = 25 m/s and 
Uref = 8 m/s, respectively.

The effect of reference velocity on the combustion around the swirler exit can 
be further identified on the reaction progress distribution, shown in Fig.  11. The 

Fig. 9  Profiles of angular averaged temperature and velocity at the outlet

Fig. 10  Profiles of combustion efficiency along the axial direction
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nonequilibrium of combustion reaction mainly exists on the base of the swirling flame 
(the region around the swirler exit) and the upstream shear layer of the primary air 
jet. The main difference between the two cases is that the nonequilibrium of combus-
tion reaction on the flame base is stronger under the high reference velocity condition; 
this should be attributed to the shorter residence time for the higher reference velocity. 
Though the reaction progress is much lower on the flame base in the case with a higher 
reference velocity, the swirling flame is stabilized at the same position as in the case with 
a lower reference velocity. The stabilization point is located in the shear layer close to the 
vortex kernel of the recirculation zone, which indicates that the flame is forcibly ignited 
by the hot product transported by the recirculation zone. Most of the mixture inside the 
intermediate zone shows the reaction progress of near 100%, which means that most of 
the mixture in the intermediate zone is almost at the chemical equilibrium state. Con-
sidering the fast increase of the combustion efficiency shown in Fig.  10, the combus-
tion process in this region seems to be controlled by the mixing process rather than the 
chemical process. In the mixing controlled combustion, the ongoing combustion reac-
tions are resulted from the dissipation of the fuel-rich mixture. This feature seems con-
trary to the iso-surface of mean stoichiometric mixture fraction distribution in Fig. 8, 
in which the mixture is in “fuel-mean” state in the intermediate zone. This issue can be 
understood by the “ensemble average” feature of the RANS method. One can image that 
the instantaneous combustion field in the intermediate zone is composed by a number 
of discrete fuel-rich packages, while the ensemble averaged mean mixture fraction is in 
a fuel-lean state (as shown in Fig. 8) due to the relative low global equivalence ratio in 
this region.

In summary, the flow and combustion processes show strong self-similarity for the 
cases with different reference velocities under the present conditions. The simulation 
results in the present combustor show classic flow and combustion structures for the 

Fig. 11  Distribution of mean reaction progress on the middle plane
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swirling combustor. Though the designed reference velocity is relatively high, it slightly 
affects the flow and combustion structures. This indicates that the local residence time 
of each zone inside the combustor liner is not the dominant factor in the combustion 
process. However, the implicated controlling mechanism for the combustion process is 
interesting, and will be discussed in the next section.

4.2 � Discussions on the combustion process

Time scale analysis is carried out to discuss the flame modes in the combustor. Chemical 
and mixing time scales are involved in the combustion process. The chemical time scale 
means the required residence time for the combustion reaction if the fuel/air is perfectly 
mixed; the mixing time scale is the required residence time for fuel/air mixing to be uni-
form at the molecular level. When the chemical time scale is much smaller than the mix-
ing time scale, the combustion process is controlled by the mixing process. This flame 
mode is called the diffusion flame. On the contrary, if the mixing time scale is much 
smaller than the chemical scale, which means the fuel/mixing is perfectly mixed before 
the combustion reaction, the flame falls into the premixed flame mode. Otherwise, if the 
chemical time scale and the mixing time scale are comparable to each other, the flame is 
in the partially premixed mode.

In the FGM combustion model, both the molecular and small scale turbulent mixing 
of fuel/air mixture are modeled by the dissipation of the mixture fraction variance. Thus, 
the mixing time scale can be calculated as

where z̃′′2 and χz are the variance of the mixture fraction and its dissipation rate, 
respectively.

(7)τmix =
z̃′′2

χz
,

Fig. 12  Product of the mixing time scale and the reference time on the middle plane
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The product of the mixing time scale and the reference velocity in different cases 
are compared in Fig. 12. The defined product appears to have a similar distribution 
for the cases with different reference velocities, which reveals that the mixing time 
scale is  inversely proportional to the reference velocity. Based on the contours in 
Fig. 12, the mixing time scales are in the order of 0.5 ms and 1.5 ms for the cases with 
Uref = 25 m/s and Uref = 8 m/s, respectively.

Based on the definition, the chemical time scale can be evaluated based on the 
premixed flame under the same thermal conditions. The chemical time scale can be 
defined as

where δl and sl are the thickness and propagation speed of the laminar premixed flame. 
Since the chemical time scale only depends on the thermal conditions, the two cases in 
the present study share the same chemical time scale.

The mean residence time of fuel mixture can be calculated as

The different time scales are summarized in Table  5. The chemical time scale is 
much smaller than the mixing time scale. Therefore, the combustion under the pre-
sent conditions is mainly controlled by the mixing process. In both cases, the fuel 
mixture residence time is much larger than the mixing time scale. That is the main 
reason why the reference velocity has a  very weak influence on the combustion 
process. Since the residence time is enough, the mixing process can get a  dynamic 
equilibrium state at each sub-zone of the flow field (e.g., the primary zone, the inter-
mediate zone, and the dilution zone), while the mean flow structure determines the 
dynamic equilibrium state for mixing.

To further verify the above conclusion, the production and dissipation of mixture 
fraction variance at different axial positions are integrated and plotted in Fig.  13. 
Overall, the production rate and the  dissipation rate are comparable to each other; 
the net production is much smaller than the production rate and the dissipation rate 
in magnitude. Dynamic balance is achieved at each interface of the functional zones 
(e.g., x ≈ 60 mm and x ≈ 120 mm), which indicates that quasi-equilibriums for mix-
ing are achieved at the outlet of the primary and intermediate zones. Downstream of 
the equilibrium point, the balance between production rate and dissipation is broken 
by the newly added air jet (e.g., the primary air jet and the dilution air jet).

(8)τchem =
δl

sl
,

(9)τres,f =

∫
V ρz̃dv

ṁf
.

Table 5  Different time scales in the combustion process

τres,f τchem τmix

Case 1 5.5 ms  ~ 0.09 ms  ~ 0.5 ms

Case 2 17.9 ms  ~ 0.09 ms  ~ 1.5 ms
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The mixing efficiency is involved to further understand the mixing process. For a 
given axial section, the mixing efficiency can be expressed as [28]

 with

 where, p
(
z; z̃, z̃′′2

)
 is the PDF of the mixture fraction used in the combustion model.

The mixing efficiency at different axial positions is compared with the combustion effi-
ciency and the fuel-mass-weighted mean reaction progress in Fig. 14. The mean reaction 
progress is weighted by the fuel-mixture, which is expressed as

As shown in Fig.  14, the combustion efficiency even exceeds the mixing efficiency 
around x = 45 mm. Based on the physical definitions, the combustion efficiency should 
be smaller than the mixing efficiency with c < 1, and equal to the mixing efficiency when 
c = 1. However, this relationship of ηc = ηmix at c = 1 could be influenced by several fac-
tors. Firstly, the mixing efficiency is targeted on the mass mixing, while the combustion 

(10)ηmix =

∫
A

∫ 1

z=0
ρ �̃Uα(z)p

(
z; z̃, z̃

′′2

)
dz · d �A

∫
A ρ �̃Uz̃ · d �A

,

(11)α(z) =





z, z ≤ zst

(1− z)
zst

1− zst
, z > zst

,

(12)Cmean =

∫
A ρ �̃Uz̃c̃ · d �A
∫
A ρ �̃Uz̃ · d �A

.

Fig. 13  Integrated production rate and dissipation rate of mixture fraction variance along the axial direction
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efficiency is targeted on the thermal heat release. The non-linear heat-release during the 
fuel oxidizing process may break the equality on the fuel-rich state (mixing and fuel oxi-
dization are incomplete). Secondly, the reversible feature of the combustion reaction can 
lead ηc < ηmix even at c = 1. These effects are shown in Fig. 15. The present definitions 

Fig. 14  Profiles of mixing efficiency along the axial direction

Fig. 15  The ratio of combustion efficiency to the mixing efficiency versus mixture fraction at c = 1 sampled 
from the FGM table
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make the combustion exceed the mixing efficiency in the fuel-rich mixture; the high-
est combustion efficiency of the stoichiometric mixture is only 94% due to the effect 
of the reversible reaction. As shown in Fig. 14, the mixing efficiency exhibits a similar 
trend to the combustion efficiency in the primary zone and the intermediate zone, which 
implies the mixing-controlled nature of the combustion process in these regions. How-
ever, some roles of the chemical nonequilibrium in the combustion process can still be 
identified by comparing the combustion efficiency with the sectional mean reaction pro-
cess. For example, the low reaction process at the swirling flame base (x ≈ 15 mm) and 
the primary holes (x ≈ 70 mm) makes the combustion efficiency lower than the mixing 
efficiency. In the dilution zone, the mixing of the fuel-rich mixture has been completed 
( ηmix ≈ 100% ), and the combustion efficiency inhibits the  similar trend to the mean 
reaction progress, which implies the controlling factor of the combustion shifts from 
mixing to the chemical reaction in this region.

As mentioned above, all of the mixture in the dilution zone is in a fuel-lean state. 
Therefore, the chemical reaction in this region happens in the stratified lean premixed 
mixture. However, the combustion reaction in this region is different to the conven-
tional premixed flame. The premixed flame is a fast chemical process coupled with spe-
cies and heat diffusion happening in a thin sheet [19]. As shown in Fig. 16, the whole 
flame layer can be divided into the preheat zone, inner layer (also known as “reaction 
zone”), and oxidation zone (also known as “post flame zone”). The heat and radicals 
can feed back from the reaction zone to the preheat zone, which drives the flame front 
propagating towards the unburnt side. There are several differences between the com-
bustion process in the dilution zone and the conventional premixed flame. Firstly, the 
reaction progress in this reaction varies in the range of c = 0.95 – 1.0, which only corre-
sponds to the post flame zone of the conventional premixed flame (as shown in Fig. 16). 
Secondly, the reaction rate is much slower than the conventional premixed flame due to 

Fig. 16  Structure of 1-D premixed flame
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the missing of supporting from the highly active reaction in the reaction zone. Thirdly, 
due to the slow reaction rate, the reaction will continue in a considerable volume rather 
than a thin sheet. In summary, the chemical reaction process in the dilution zone under 
the present conditions prefers to the spatially homogeneous reactions in the perfectly-
stirred reactor (PSR) rather than to a premixed flame behavior. Therefore, the reaction 
process is strongly dependent on the residence time of the mixture. This is why the 
combustion efficiency at the outlet for the case with a lower reference velocity is slightly 
higher than that in the case with a higher reference velocity.

Finally, the mixing and reaction properties around the swirler exit are plotted in 
Fig. 17 to understand the combustion process on the flame base. Based on Fig. 17a, 
Fig. 7, and Fig. 11, the flame base (the non-equilibrium region around the swirler exit) 
is on the mixing layer between the fuel-rich mixture (z ~ 0.35) and the fresh air. The 
fuel evaporates in the fuel-rich region in the chemical equilibrium state (c ~ 1), and 
results in the high mixture fraction region (z > 0.3) around the flame base. The mix-
ture across the mixing layer is sampled (marked as “line A” in the figure), and plotted 
in Fig. 17b. The temperature shows a non-monotonous profile with the mixture frac-
tion across the sampled line. This feature indicates that slow oxidization reactions 
are occurring in the mixing layer upstream of the flame stabilization position. These 
reactions inside the mixing layer are like the auto-ignition process of a non-premixed 
flamelet [29], in which the fuel side composition is set up as a  fuel-rich mixture 
(z ~ 0.35). The auto-ignition reaction is relatively slow and is dependent on the resi-
dence time; thus the reaction progress at the given position decreases with the refer-
ence velocity. Although the auto-ignition reaction is ongoing in the mixing layer, the 
residence time is not enough for the completion of auto-ignition for both cases under 
the present conditions, and the reactive mixing is finally ignited by the hot product 
with a lower mixture fraction transported from the vortex kernel.

Based on the above discussions, the experience of the fuel vapor inside the combustor 
could be summarized in Fig. 18. The fuel is injected into the hot rich product mixture, 
and evaporates due to the heating by the product (state “S1”). After that, two branches 
in the (z, ηc) space could be experienced by the fuel mixture. In the first branch, the fuel 
mixture is  first slowly oxidized by the auto-ignition of the  non-premixed flame in the 
mixing layer between the rich product and the fresh air (path “P1”), and then is forcibly 

Fig. 17  The mixing and reaction on the flame base. a Distribution of mixture fraction around the swirler exit. 
b Temperature versue mixture fraction sampled on line “A”
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ignited and combusted at the partially premixed flame base (path “P2”). In the second 
branch, the fuel is combusted in the diffusion flame mode, in which the oxidization reac-
tion is synchronous with the fuel/air mixing process (path “P3”). The above two branches 
share the same end state, which is the chemical equilibrium mixture in the stoichiomet-
ric state (state “S3”). Since the combustion reactions are reversible, the fuel in state “S3” 
can not be oxidized completely due to the existence of intermediate species. The mixture 
is diluted into a fuel-lean state (state “S4”) by the fresh air through the dilution holes. The 
fuel is further oxidized when the equilibrium point of the reactions is shifted towards the 
product side in the dilution zone (path “P5”). Around 4% of the chemical heat is released 
during path “P5”. Considering the required combustion efficiency (> 99%) from the aero-
engine design [11], the slow oxidization in the dilution zone is non-negligible during the 
design of the combustor.

5 � Conclusions
The mixing and combustion processes in a small-scale gas turbine combustor were 
numerically investigated using the Flamelet Generated Manifold (FGM) model based 
on the Reynolds Averaged Navier–Stokes (RANS) method. The numerical meth-
ods were evaluated based on a model combustor and the sensitivity study on the 
θ-parameter. Two cases with different reference velocities were considered in the 
study. The combustion modes inside the combustor were analyzed. A sketch map on 
phase space of mixture fraction and combustion efficiency was proposed to explain 

Fig. 18  Sketch for the oxidization process of fuel vapor inside the combustor
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the mixing and reaction processes of the injected fuel. The main conclusions are sum-
marized as follows:

•	 The flow and combustion fields show self-similarity for the cases with different refer-
ence velocities under the present conditions. The main difference is on the nonequi-
librium in the mixing layer upstream of the flame stabilization point.

•	 In general, the combustion process exhibits the mixing-controlled feature. However, 
partially premixed combustion appears in part of the flame, particularly at the base of 
the swirling flame.

•	 The residence time of the fuel mass inside the combustor is much longer than the 
required time for micro-mixing and chemical reaction of fuel/air mixing. Thus, the 
macroscopic combustion properties (e.g., the sectional combustion efficiency) at the 
end of each sub-zone (e.g., the primary zone, intermediate zone, and dilution zone) 
are dominated by the mean flow structures.

•	 Due to the reversible feature of the combustion reactions, the fuel can not be fully 
oxidized in the primary and intermediate zones, though air is enough. Part of the fuel 
is further oxidized in the dilution zone, contributing to adding new fresh air from 
the dilution zone. This oxidization is a slow chemical controlled process, which is 
strongly dependent on the residence time. Though this portion of fuel oxidization is 
very little (~ 4%), it is non-negligible in the combustion organization during the com-
bustor design.
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