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ABSTRACT 

The efficiency and emission standards to micro gas 

turbine rise in China. In order to improve the flow and 

combustion characteristics in the combustor of micro gas 

turbine, it is necessary to investigate the mixing process of 

fuel and air in the premixed nozzle. The three-dimensional 

computation model of premixed nozzle is established and 

calculated by CFD methods. The influence of equivalence 

ratio, fuel component and momentum ratio of CH4 to air on 

the degree of unmixedness is analysed separately to reflect 

the mixing. The other two premixed nozzles are also 

investigated. Results show that the flow parameters have a 

critical influence on mixing in the nozzle zone. The degree of 

unmixedness decreases gradually with the streams flowing 

downstream. The value of unmixedness degree at the outlet 

of nozzle decides the effect of mixing and when the 

equivalence ratio decrease, the value increases. With the 

same thermal load, the increase of incombustible portion in 

the fuel reduces the degree of unmixedness. Through 

analysing the relationship between momentum ratio and 

unmixedness degree, it can be seen that higher momentum 

ratio of fuel to air may help to improve the mixing process. 

The modification of nozzle structure may enhance the 

swirling intensity, but it is not surely benefit to the mixing. 

Keywords: Mixing, Unmixedness, Premixed nozzle, Micro 

gas turbine. 

INTRODUCTION 

In recent years, the rapid development challenges the 

energy utilization and environment in China. However, as a 

large traditional agricultural country, China wastes a great 

number of biomass resources, especially in rural areas, and 

also leads to net emissions of CO2 and other hazardous gases 

and particles. As an important biomass energy source, biogas 

is not only a vital role in rural new energy development, but 

also an important aspect of sustainable development in China 

(Chen and Liu, 2017; Christiaensen and Heltberg, 2013; 

Chen et al., 2012; Jiang et al., 2011; Chen et al., 2010). 

Therefore, the distributed energy supply (DES) systems fed 

by biogas are encouraged strongly by Chinese government 

(Pingkuo and Zhongfu, 2016; Zhou et al., 2013; Ma et al., 

2011; Akorede et al., 2010). Micro gas turbine plays a key 

role in distributed energy system, and can be operated on a 

wide range of liquid and gaseous fuels like natural gas and 

biogas. With the advantage of less restrictive fuel 

requirements, micro gas turbine has great potential to provide 

green and efficient energy. This has motivated scientific 

efforts to determine the economically favourable conditions 

of micro gas turbine for DES (Rist et al., 2017; Bracco and 

Delfino, 2017; Choi et al., 2017; Jain et al., 2015). 

The combustion chamber is the place where chemical 

energy of fuel converts to thermal and kinetic energy in 

micro gas turbine. Hence it is necessary to investigate the 

combustor when studying a micro gas turbine and the mixing 

of fuel and air is a functional requirement (Jain et al., 2015). 

To analyse and improve the mixing in the combustor, Yoon 

et al. (Yoon et al., 2013) study the effect of fuel-air mixture 

velocity on combustion instability to develop effective 

approaches for control. Cameretti et al. (Cameretti et al., 

2013) pay attention to the pilot injector location and exhaust 

gas recirculation rates to minimize the emissions of micro 

gas turbine. Cho et al. (Cho et al., 2013) redesign a burner for 

lance injection to enhance uniform mixing of fuel and air for 

the purpose of NOx reduction. Lee and Yoon (Lee and Yoon, 

2012) develop a fuel nozzle of gas turbine to enhance utility 

and reliability of a power plant through stable operation and 

low generation costs 

Recently, the computational analysis has been conducted 

as a useful tool for investigating combustor (Torkzadeh et al., 

2016). The k-ε model was applied to analyse the flow and 

combustion characteristics in combustors such as flame 

stabilization, combustion efficiency and NOx emission with 

various liquid fuel and gas fuel like hydrogen/methane 

blended fuel (İlbaş et al., 2016; Zhu et al., 2015; Shih and 

Liu, 2014; Ghose et al., 2014). To investigate the combustor 

fed by natural gas and synthesis gas and the oxy-fuel can-

type combustor, Reynolds stress model was used (Krieger et 

al., 2015; Cadorin et al., 2012). Large eddy simulation (LES) 
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model can be applied in studying the movement of upstream 

flame and the dynamic response of the flame in combustors 

under the influence of attached and detached flame states and 

various premixedness and swirl strength (Hermeth et al., 

2014; Wolf et al., 2012; De and Acharya, 2012). 

In this work, the mixing of fuel and air in premixed 

nozzle, which is used in combustion chamber of 60 kW 

micro gas turbine, is numerically studied using standard k-ε 

model and combined Finite Rate Chemistry/Eddy Dissipation 

Model (FRC/EDM). Seven conditions are set to analyse the 

effect of flow parameters on mixing, and the other two types 

of premixed nozzle are also calculated to investigate the 

effect of nozzle structure. The target of this work is to deeply 

analyse the effect on mixing, and then provide an approach 

to improve the flow and combustion characteristics in 

combustion chamber. 

GEOMETRY OF COMBUSTOR 

The structure of combustion chamber is cyclic and 

consists of three parts: air channel, combustion zone and 

dilution area. The combustion zone is in the liner of 

combustor and the dilution area is just on its downstream 

side. The air channel is on the outside of combustor and 

convers the liner. The outer diameter of combustor casing is 

360 mm and the length is 217 mm. The dilution area is 

surrounded by several dilution holes located in the liner. The 

combustion zone is connected with air channel by four 

premixed nozzles. In each nozzle, there are twelve slight 

holes designed for fuel injection and eight holes for air 

streams. The compressed air from compressor flows through 

the air channel and about 85% passes the dilution holes. The 

flowing paths are shown in Figure 1. 

 

Figure 1 The schematic of flowing paths 

In this work, with the target of analysing the mixing 

performance of fuel and air in single nozzle, three 

dimensional computation domain of a quarter of air channel 

and combustion zone was established, as shown in Figure 2. 

By using the commercial software UG 8.5 and ANSYS 

ICEM CFD 13.0, 4.9 million mesh elements were generated 

and the mesh is a hybrid grid. In the regular areas, the mesh 

elements are hexahedral and in the complex areas, the grid is 

tetrahedral. 

The calculation was proceeded in Fluent, and the 

boundary conditions are shown in Figure 2. The material of 

fuel is set to methane and the air consists of oxygen and 

nitrogen whose molar fractions are separately 21% and 79%. 

Both the air and fuel inlet boundaries are set to mass flow 

inlet and the values are 0.1395kg/s and 0.00072 kg/s 

respectively. The temperature of fuel is set to 300 K and the 

air is 780K. The pressure outlet is set as outlet boundaries of 

combustor and air, and the pressure values are separately 

0.4068MPa and 0.4078MPa. Considering the actual work 

condition, the temperature values of wall in combustion zone 

and air channel are separately set to 900 K and 780 K. 

 

Figure 2 Computation domain 

THEORETICAL MODELS 

The theoretical models include three-dimensional 

turbulent flow with high Reynolds number and chemical 

reaction and species transport between methane and air. The 

mathematical equations of turbulent flow are based on the 

conservations of mass, momentum, and energy. In this work, 

the calculation is based on standard k-ε two-equation model, 

and the equations are as follows: 

The continuity equation is: 

∂ρ

∂t
+

∂

∂xj
(ρUj)=0 (1) 

The momentum equation is: 

∂ρUi

∂t
+

∂

∂xj
(ρUiUj)=-

∂p'

∂xi
+

∂

∂xj
[μ
eff
(
∂Ui

∂xj
+
∂Uj

∂xi
)]+SM (2) 

where SM is the sum of body forces, p’ is the modified 

pressure which is defined as: 

p'=p+
2

3
ρk+

2

3
μ
eff

∂Uk

∂xk
 (3) 

and μeff is the effective viscosity and given as: 

μ
eff
=μ+μ

t
 (4) 

where μt is the turbulence viscosity and defined as: 
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μ
t
=Cμρ

k
2

ε
 (5) 

where Cμ is a constant with the value of 0.09. 

The k and ε are separately the turbulence kinetic energy 

and turbulence dissipation rate, and the values are from the 

equations: 

∂(ρk)

∂t
+

∂

∂xj
(ρUjk)=

∂

∂xj
[(μ+

μt

σk
)
∂k

∂xj
]+Pk-ρε (6) 

∂(ρε)

∂t
+

∂

∂xj
(ρUjε)=

∂

∂xj
[(μ+

μt

σε
)
∂ε

∂xj
]+

ε

k
(Cε1Pk-Cε2ρε) (7) 

where Cε1=1.44, Cε2=1.92, σk=1.0, σε=1.3, and Pk is the 

turbulence production caused by viscous forces, and given 

as: 

Pk=μt (
∂Ui

∂xj
+
∂Uj

∂xi
)
∂Ui

∂xj
-
2

3

∂Uk

∂xk
(3μ

t

∂Uk

∂xk
+ρk) (8) 

The combined Finite Rate Chemistry/Eddy Dissipation 

Model is based on the contrast of two models: FRC model, 

whose chemical reaction rate is determined through the 

Arrhenius law, and EDM model, which assumes that the 

reaction rate depends on the time of reagents mixing at the 

molecular level. The combined model uses the minimum 

value of two models as the actual reaction rate (Cadorin et 

al., 2012). 

RESULTS AND DISCUSSION 

Liscinsky et al. (Liscinsky et al., 1994) and Holdeman et 

al. (Holdeman et al., 1999) define the degree of unmixedness 

which can quantify the mixing performance of fuel and air. 

The equation is given as: 

Ns=
√

∫ (
cr-c

c
)
2

rdr
Di 2⁄

0

∫ rdr
Di 2⁄

0

 (9) 

where Di is the diameter of the region. cr is the local fuel 

molar fraction and c  is the average fuel molar fraction 

defined as: 

c=∫ crrdr
Di 2⁄

0
∫ rdr
Di 2⁄

0
⁄ . (10) 

The unmixedness value reflects the efficiency of fuel and air 

mixing. The less the value becomes, the higher the mixing 

efficiency is. 

Effect of flow parameters 

Equivalence ratio 

In order to analyse the effect of equivalence ratio on 

mixing of fuel and air, four operating conditions were 

investigated and the values of equivalence ratio are 

separately set to 0.89, 0.75, 0.65 and 0.58. Figure 3 shows 

the unmixedness in XY sections of the nozzle. Z is the axis 

of the nozzle. The center point of fuel holes is defined as the 

origin of Z axis z0, and the nozzle outlet section is written as 

zn. In the upper part of nozzle, the degree of unmixedness 

drops rapidly and then gradually decreases along the flow 

direction. When the equivalence ratio drops from 0.89 to 

0.58, the value of unmixedness at the outlet of nozzle is from 

0.143 to 0.207. With the equivalence ratio decreasing, the 

degree of unmixedness increases, which means that the 

mixing efficiency goes down. 

The CH4 molar fraction distributions near the outlet of 

fuel holes, as shown in Figure 4, reflect the mixing process in 

detail. The streams of CH4 inject into the air flow from the 

fuel holes and then the mixing process starts. Comparing the 

CH4 molar fraction distributions with four equivalence ratios, 

the differences are obvious. In Figure 4(a), the streams of 

CH4 can reach the main flow of air, and contact sufficiently. 

With the equivalence ratio decreasing, the air mass flow 

rises. The streams of CH4 are blown towards the wall 

gradually. When the equivalence ratio drops to 0.58, the 

streams of CH4 are almost close to the wall. In this case, the 

interface of CH4 and air are small and then the mixing 

efficiency becomes low. The sufficient contact of fuel and air 

plays a key role in mixing, but the decline of equivalence 

ratio breaks it. 

 

Figure 3 Unmixedness in XY sections of the nozzle 
with various equivalence ratios 

Fuel component 

The fuel component is another influence on mixing, 

therefore, four types of fuel were analysed to study the effect. 

The values of CH4 molar fraction in the fuel are set to 100%, 

90%, 75% and 50% separately and the rest of fuel is CO2. In 

order to ensure the thermal load, the mass flow of CH4 is 

constant. Figure 5 shows the unmixedness degree in XY 

sections of the nozzle zone. The values of unmixedness 

reduce along the flow direction. With the CH4 molar fraction 

decreasing from 100% to 50%, the value of unmixedness at 

the nozzle outlet drops from 0.143 to 0.095. The differences 

of unmixedness in the upper part of nozzle are even larger 

and gradually reduce with the flow. 

The turbulence kinetic energy (TKE) distributions can 

be used to explain the difference of unmixedness. The TKE 

distributions near the outlet of fuel holes are shown in Figure 

6. On the interface of fuel and air, the higher the TKE is, the 

better the mixing performs. In Figure 6, the largest TKE 

appears in the region near the outlet of fuel hole, where the 

mixing starts. With the CH4 molar fraction of the fuel 
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decreasing, the value of TKE on the interface rises. To 100% 

CH4, the maximum value of TKE is nearly 74 m
2
/s

2
, while 

the value reaches over 250 m
2
/s

2
 to 50% CH4. The decrease 

of CH4 molar fraction increases the fuel mass flow, and then 

the value of TKE. 

 

 

Figure 4 CH4 molar fraction distributions near outlet 
of fuel hole 

 

Figure 5 Unmixedness in XY sections of the nozzle 
with various fuel components 

Momentum ratio 

The degree of unmixedness at the outlet of nozzle 

influences the combustion characteristics directly. In order to 

deeply investigate the effect on mixing, the relationship 

between the momentum ratio of CH4 to air and the nozzle 

outlet unmixedness was analysed. The values of nozzle outlet 

unmixedness under seven conditions are shown in Figure 7. 

It can be seen that the larger the momentum ratio is, the less 

the degree of unmixedness becomes. The increase of 

momentum ratio improves the mixing process. Furthermore, 

in this type of nozzle, the momentum ratio and unmixedness 

show an approximately linear relationship. The analysis of 

momentum ratio combines the effects of fuel and air on 

mixing and provides an effective way to reflect mixing 

efficiency. 

 

Figure 6 TKE distributions near outlet of fuel hole 

 

Figure 7 Degree of unmixedness at nozzle outlet 

Effect of nozzle structure 

According to the analysis in previous sections, the 

change of fuel and air will affect the mixing performance. 
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The structure of nozzle is another great influence on mixing 

of fuel and air. Figure 8 shows the structures of three 

nozzles. The original premixed nozzle (OPN) is shown in 

Figure 8(a), and the swirl premixed nozzle (SPN) and lower 

swirl premixed nozzle (LSPN) are based on OPN. To SPN, 

the structure of first air holes is the same with OPN. The 

second air holes are designed to slot structure, and the 

number is added to fifteen. The structure of SPN enhances 

the swirling intensity of air in the downstream region of 

nozzle. To LSPN, the directions of air holes change from 

radial to tangential comparing with OPN. This change makes 

the swirling intensity in the initial mixing region stronger, 

although it is weaker than SPN. 

 

Figure 8 Structures of three nozzles 

Streamlines 

The streamlines in the nozzles reflect the swirling 

intensity of flow intuitively. Figure 9 shows the streamlines 

in seven sections of each nozzle. The top section is near the 

outlet of fuel holes, and several swirl flows and vortexes 

appear in this section. Streams in this section are complex 

and varied. In the rest sections along the flow direction, the 

number of vortices decreases and the shapes of the vortexes 

turn regular. Under the influence of air hole structure, the 

streams of SPN are more regular. A strong vortex appears in 

the center of SPN. By contrast, the swirl flow in LSPN is less 

obvious. 

 

Figure 9 Streamlines in three nozzles 

Mixing of fuel and air 

Figure 10 shows the CH4 molar fraction distributions in 

three nozzles. Seven planes along the nozzle axis reflect the 

change process of CH4 molar fraction distributions, and then 

the mixing. In the top section, the molar fraction of CH4 is 

uneven for three nozzles, and the air and fuel get uniform in 

the rest sections. The mixing processes of air and fuel are 

different in three nozzles. For SPN, the CH4 molar fraction 

distribution in the top section is similar with OPN. The 

difference turns big as the flow. It can be seen that the molar 

fraction of CH4 in SPN is not as even as OPN. The 

development of mixing process in SPN is slower than OPN. 

For LSPN, it is obvious that the mixing process is faster than 

OPN and SPN. The molar fraction of CH4 has become 

uniform in the section before the nozzle outlet. The mixing 

of fuel and air performs better in LSPN. 

Figure 11 shows the unmixedness in XY sections of 

three nozzles. The curves of unmixedness reflect the details 

of the mixing performance differences in three nozzles. 

Comparing the curve of SPN with OPN, the enhancement of 

air swirling intensity really reduce the unmixedness in the 

upstream region of nozzle. But in the rest region of nozzle, 

the strong swirl flow of air hinders the mixing process 

instead of improving it. The value of unmixedness at nozzle 

outlet rises to 0.193, 35% higher than OPN. Unlike the SPN, 

the unmixedness of LSPN is always smaller than OPN, and 

the value at nozzle outlet drops to 0.091, 36% less than OPN. 

The structure of LSPN makes the mixing performance of air 

and fuel better than the other two nozzles. 
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Figure 10 CH4 molar fraction distributions in three 
nozzles 

 

Figure 11 Unmixedness in XY sections of three 
nozzles 

Turbulence kinetic energy distributions 

In order to analyse the difference of mixing performance 

in three nozzles, the TKE distributions in seven sections were 

investigated, as shown in Figure 12. In the top sections, the 

value and scope of TKE in SPN are both larger than OPN. 

Accordingly, the mixing performance is better. But, because 

of the effect of the second air holes, the flow turns to a strong 

vortex as the flow, and the high TKE region is restricted to 

the center of nozzle. The TKE distribution limits the mixing 

of air and fuel. To LSPN, the high TKE region almost covers 

the whole mixing area. This provides a good condition for 

the mixing performance. 

 

Figure 12 TKE distributions in three nozzles 

CONCLUSIONS 

In this work, the mixing of fuel and air in premixed 

nozzle used in the combustor of 60 kW micro gas turbine 

was deeply analysed. The mixing processes under various 

conditions are numerically investigated using standard k-ε 

model and combined Finite Rate Chemistry/Eddy Dissipation 

Model. The other two premixed nozzles are also investigated 

to analyse the effect of nozzle structure on mixing. 

According to the results, the following conclusion can be 

drawn. 

1) The decrease of equivalence ratio raises the air mass 

flow in the nozzle. This will reduce the interface of fuel and 

air, and then hinder the mixing process. 

2) With the same thermal load, reducing the CH4 molar 

fraction in the fuel may increase the mass flow of fuel 

relatively, and then the value of TKE on the interface of fuel 

and air. It is benefit to the mixing.  

3) The degree of unmixedness at the nozzle outlet 

reduces when the momentum ratio of CH4 to air increases, 

and the relationship between them is approximately linear. 

4) The modification of air holes structure changes the 

flow morphology in the nozzle, but the enhancement of 

swirling intensity does not surely improve the mixing of fuel 

and air. 
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