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Abstract: Lean direct injection (LDI) combustion has a high potential as a low pollution combustion
method for gas turbines. The present research aims to further investigate the discharge coefficient of
an LDI module, axial swirler and convergent outlet under non-reaction and reaction conditions by
theoretical, numerical and experimental methods. The functional relationship between the discharge
coefficient of the LDI module, axial swirler and convergent outlet was established, and the effect
of swirl angle (30◦, 32◦, 34◦, 36◦, 38◦, 40◦) and vane number (11, 12, 13, 14, 15, 16) on discharge
coefficient was studied, and finally the differences in effective flow area of LDI combustor under
different inlet conditions were analyzed. The results indicate that the flow separation on the suction
side increases as the swirl angle increases, which leads to a decrease of the discharge coefficient of the
axial swirler, however the discharge coefficient of the convergent outlet remains unchanged first and
then decreases. As the vane number increases, the flow separation on the suction side decreases and
the flow friction loss increases, so that the discharge coefficient of the axial swirler and convergent
outlet will first increase with the increase of vane number and then decrease with further increases.
The effective flow area of combustor changes as the conditions change, but it is approximately equal
under high power conditions and normal temperature and pressure conditions.
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1. Introduction

With the increasingly stringent emission regulations on civil aircraft engines [1], modern low
emission civil aircraft engines are being developed, and several low emission strategies have been
successively proposed, such as Rich-burn Quick-quenching Lean-burn (RQL) [2], Lean Premixed
Prevaporized (LPP) [3], and Lean Direct Injection (LDI) [4]. RQL technology may produce a large
amount of NOx during the quenching process because of the occurrence of stoichiometry ratio
condition. LPP technology will have low levels of emissions if the design and development are
reasonable, but due to premixed and prevaporized combustion, the combustor is prone to auto ignition,
flashback and combustion instability, and especially the severe combustion instability restricts the
development of LPP technology. In the LDI concept, fuel and air are directly injected into the combustor,
so that the auto-ignition and flashback would be avoided due to the non-premixed combustion, and the
combustion instability is also not as serious as in LPP, furthermore, the LDI approach is not inferior to
LPP in its ability to reduce emissions [5].

The key structure of an LDI combustor is the single element LDI module, which consists of the
axial swirler, convergent outlet and nozzle. For different combustor inlet parameters, the optimized
dome scheme could be obtained by varying the arrangement of LDI modules; this concept is referred
to as Multi-Point Lean Direct Injection (MPLDI) [6]. For LDI combustors, the roles of the LDI module
are quick mixing of fuel and air, ensuring the correct quantity of combustion air, forming the suitable
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strength recirculation zone and matching with the fuel nozzle [7]. The key to ensure the quantity of
combustion air is to exactly determine the discharge coefficient.

The air flow passage of the LDI module is structurally divided into a swirl flow passage and
a convergent outlet. If it is considered as a whole, then it corresponds to a total discharge coefficient,
which determines the flow capacity of the LDI module. The total discharge coefficient depends on the
discharge coefficient of the swirler and the convergent outlet, but the relationship between them is not
linear. Therefore, this paper establishes the functional discharge coefficient relationship between the
LDI module, swirler and convergent outlet.

For the discharge coefficient of the swirler, Lefebvre gave the recommended values for the
discharge coefficient of the axial swirler: 0.77 for flat vanes and 0.88 for curved vanes [8], however the
discharge coefficient will vary with the change of geometric parameters. Shaiful [9] studied the effect
of swirl number on swirler discharge coefficient with and without orifice plates. In the absence of
orifice plate, the discharge coefficient decreases with the increase of swirl angle; in the case there is
an orifice plate, the discharge coefficient is smaller than that without orifice plate, and decreases
as the orifice decreases. Andrews [10] investigated the discharge coefficient of a radial swirler
with different vane passages, including curved passage, aerodynamic tapered flat blade passage,
parallel rectangular passage and circular passage. The results indicated that the swirler with parallel
rectangular passage has maximum discharge coefficient, and the swirler with curved passage has
minimum discharge coefficient.

For the discharge coefficient of convergent outlet, the structure of which is similar to the circular
hole, many investigations were performed. Wu [11] proposed an empirical discharge coefficient model
for round-hole flow, and established a functional relationship between Cd and Reynolds numbers,
which can be used to predict Cd for different types of round holes. Huang [12] compared the discharge
coefficient of the standard orifice and perforated orifice. The results show that the perforated orifice
discharge coefficient is 22.5–25.6% higher than the standard orifice. The effect of hole thickness,
number of holes, hole arrangement, and upstream disturbance on the discharge coefficient was
also obtained. Singh [13] presented the experimental and numerical study on the flow meter with
single-hole orifice and multi-hole orifice, it is observed that the discharge coefficient of multi-hole
orifice is much larger than that of single-hole orifice. Tharakan [14] found that the back pressure has
significantly effect on discharge coefficient of sharp edged injection orifices. Mazzei [15] investigated
the discharge coefficient of round and inclined holes at different geometric parameters, and the
correlation were proposed for predicting the discharge coefficient.

In conclusion, previous studies on swirler discharge coefficients have mainly focused on the
larger size swirler, but the size of swirlers in the LDI module is much smaller than that of the
conventional combustors, and the internal flow near the hub will be different from that of a large
swirler. Therefore the effect of different swirl angles and the vane number on the LDI swirler discharge
coefficient shall be studied in this paper. The studies on the discharge coefficient of the convergent
outlet (or similar configuration) were carried out under the conditions of straight or partial upstream
disturbance flow. However the upstream of the convergent outlet is in swirling flow in an LDI module,
which is totally different from the straight flow. Furthermore the discharge coefficient will change
with the change of swirling. Therefore, the effect of different swirl angles and vane number on the
discharge coefficient of convergent outlet would be obtained in this paper. Finally, the effective flow
area of combustor was investigated under different inlet conditions with and without combustion.

2. Design of LDI Module

2.1. Design Rules

The design of the LDI module is the key to the design of low emission combustors, and the
following guidelines should be followed: (1) The first and most important one is to ensure the required
mass flow rate, because the quantity of air that enters from the LDI module affects the amount of
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combustion air, and further affects the local equivalence ratio in the combustion zone, thereby affecting
the combustion reaction process and pollutant production. (2) The air flow through the LDI module
should be able to form a suitable recirculation zone in the liner. The recirculation zone is the most
important flow structure in the combustion chamber which plays a role in stabilizing the flame.
The strength of reverse flow should neither too strong nor too weak, too strong reverse flow will
cause a Processing Vortex Core (PVC), which is prone to combustion instability; too weak reverse flow
cannot anchor the flame. (3) The LDI module should be able to match the nozzle. On the one hand,
it means that the structure is matched, there is enough space to install and dismantle the nozzle; on the
other hand, it means that fuel and air could be preferably mixed to ensure fast atomization and to form
a homogeneous flammable mixture, thus avoiding the local hot points and effectively controlling the
formation of pollutants.

2.2. LDI Module

The LDI module proposed in this paper consists of an axial swirler, a convergent outlet and
a nozzle. As shown in Figure 1, the air enters the swirler from the inlet, and passes through the swirl
vane passage to form a swirling flow, and then passes through the circular straight passage to eliminate
the trailing edge of the vane, and finally forms a reasonable velocity profile at the convergent outlet.
A simplex pressure atomization nozzle is installed in the center of the swirler. The nozzle outlet is
flush with the convergent outlet.

Energies 2018, 11, x FOR PEER REVIEW    3 of 14 

 

amount of combustion air, and  further affects  the  local equivalence ratio  in  the combustion zone, 

thereby affecting the combustion reaction process and pollutant production. (2) The air flow through 

the LDI module should be able to form a suitable recirculation zone in the liner. The  recirculation 

zone  is  the  most  important  flow  structure  in  the  combustion  chamber  which  plays  a  role  in 

stabilizing the flame. The strength of reverse flow should neither too strong nor too weak, too strong 

reverse flow will cause a Processing Vortex Core (PVC), which is prone to combustion instability; 

too weak reverse  flow cannot anchor  the  flame.  (3) The LDI module should be able  to match  the 

nozzle. On the one hand, it means that the structure is matched, there is enough space to install and 

dismantle  the nozzle; on  the other hand,  it means  that  fuel and air could be preferably mixed  to 

ensure fast atomization and to form a homogeneous flammable mixture, thus avoiding the local hot 

points and effectively controlling the formation of pollutants. 

2.2. LDI Module 

The LDI module proposed in this paper consists of an axial swirler, a convergent outlet and a 

nozzle. As shown in Figure 1, the air enters the swirler from the inlet, and passes through the swirl 

vane  passage  to  form  a  swirling  flow,  and  then  passes  through  the  circular  straight  passage  to 

eliminate  the  trailing  edge  of  the  vane,  and  finally  forms  a  reasonable  velocity  profile  at  the 

convergent outlet. A simplex pressure atomization nozzle is installed in the center of the swirler. The 

nozzle outlet is flush with the convergent outlet. 

 

Figure 1. The LDI module. 

2.3. Discharge Coefficient of LDI Module 

In  the  design  of modern  combustion  chambers,  firstly,  the  total  effective  flow  area  of  the 

combustor is calculated on the basis of the inlet and outlet parameters; and the effective flow area of 

each part is determined according to the air flow distribution; then the geometric area is confirmed 

depending  on  the  discharge  coefficient,  finally  the  structural  design  is  carried  out  by  design 

procedures. 

The LDI module  is a  combined  flow device  consisting of an axial  swirler  and  a  convergent 

outlet. It is the key to the design that how to determine the geometric parameters of the swirler and 

the convergent outlet according  to  the effective  flow area of  the entire LDI module. This requires 

establishing the functional relationship of the effective flow area between LDI module, axial swirler 

and the convergent outlet. 

As shown in Figure 2, the inlet of the swirler is Section 1, the outlet of the swirler is Section 2, 

and the convergent outlet is Section 3. 

Figure 1. The LDI module.

2.3. Discharge Coefficient of LDI Module

In the design of modern combustion chambers, firstly, the total effective flow area of the combustor
is calculated on the basis of the inlet and outlet parameters; and the effective flow area of each part is
determined according to the air flow distribution; then the geometric area is confirmed depending on
the discharge coefficient, finally the structural design is carried out by design procedures.

The LDI module is a combined flow device consisting of an axial swirler and a convergent
outlet. It is the key to the design that how to determine the geometric parameters of the swirler and
the convergent outlet according to the effective flow area of the entire LDI module. This requires
establishing the functional relationship of the effective flow area between LDI module, axial swirler
and the convergent outlet.

As shown in Figure 2, the inlet of the swirler is Section 1, the outlet of the swirler is Section 2,
and the convergent outlet is Section 3.
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The definition of the effective flow area defines by Equations (1) and (2):
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If the LDI module is considered as a whole flow device, as Equation (3):
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Add Equations (1) and (2) to obtain:
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]
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It is assumed that the total pressure equals the static pressure at the exit of the swirler (Section 2),
which means the dynamic pressure of this section is ignored. The rationality of this hypothesis could be
explained by the results of numerical simulation, the dynamic pressure of the Section 2 only accounts
for 1% of the total pressure of this section, so that the static pressure could be used instead of the total
pressure. According to this hypothesis, the left side of Equation (4) can be simplified as (P∗3 − P1),
and the relationship between Equations (3) and (4) can be obtained, as shown in Equation (5).

1

(ACd)
2 =

1

(AswCd−sw)
2 +

1

(AoutCd−out)
2 (5)

2.4.Design Procedure

We follow these steps to design the LDI module (air alone):

• First, according to the overall design requirements of the combustion chamber and the air flow
distribution of each passage, the total effective area of the LDI module is obtained, ACd.

• Then, the relationship between the effective area of swirler (AswCd−sw) and ACd needs to be
determined, and the ratio of AswCd−sw to ACd is defined as the throttling ratio. The value of
this ratio must not be less than 1.414, otherwise the flow would be throttled in the swirler.
The throttling ratio is usually between 1.5 and 2.0, which means that the convergent outlet is
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the throttle position of the LDI module. The larger value of the throttling ratio means that the
stronger the control effect of convergent outlet on the flow capacity.

• Finally, the geometric area of the swirler and convergent outlet is determined according to Cd−sw
and Cd−out.

3. Experimental Setup and Numerical Simulation Method

3.1. Geometric Model

Axial swirlers and LDI modules with different swirl angles and vane number were designed in
this paper, which geometric parameters are shown in Table 1. It should be noted that the swirl angle of
34◦ and the vane number of 12 is a relatively common parameter settings. Therefore, the vane number
is maintained at 12 when changing the swirl angle and the swirl angle is maintained at 34◦ when the
vane number is changed.

Table 1. Parameters of axial swirlers and LDI modules.

Model
Parameters

Axial Swirler LDI Module

Swirl angle (◦) 30~40, keep vane number is 12
Vane number 11~16, keep swirl angle is 34◦

Hub diameter (mm) 12
Tip diameter (mm) 33

Vane thickness (mm) 1.25
Vane type Flat

Outlet diameter (mm) N/A 18.66
Convergent half angle (◦) N/A 45

3.2. Test Rig

The scheme of discharge coefficient test rig is shown in Figure 3.
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The mainstream air is provided by a twin-screw compressor, and the air flow enters the test
section through the air tank and the ball valve. The air flow was measured by an orifice flow meter,
whose accuracy of is 1%, and the inlet air flow was accurately adjusted through the V-ball valve.
The air flow enters the measurement section through the expansion section. The honeycomb is used to
straighten the air flow. Eight total pressure probes are arranged depending on equal area to obtain the
average total pressure of the inlet. A Rosemount 3051S pressure transmitter measures the pressure
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signal with an accuracy of 0.2%. The downstream static pressure of the LDI module is atmospheric
pressure, which is measured with a MPM484 pressure transmitter with an accuracy of 0.2%.

3.3. Repeatability Analysis

A repeatability analysis was carried out for different experimental conditions to evaluate the
uncertainty in the testing. The objective of this analysis is estimating the ability to maintain the
experimental conditions precisely. The standard deviation of main parameters can be obtained by
analysis a large number of data samples (24 samples). Results are shown in Table 2.

Table 2. Repeatability analysis.

Parameters Units Mean 2σ

Tatm K 290.908 0.021
Patm kPa 96.006 0.066
ma kg/h 25.572 0.034
P∗1 kPa 1.932 0.007

∆P/P N/A 1.973 0.007
ACd mm2 105.352 0.075

There is a 95.4% probability that the true value is less than 2σ around the mean value.
The atmosphere temperature and pressure are kept constant because of the stability of transmitter.
The inlet mass flow rate ma and total pressure P∗1 show unexceptionable repeatability which can
provide a stable inlet condition, furthermore, the precisely experimental conditions. The pressure drop
and effective flow area also show almost no fluctuations, these indicate that the test rig could be stably
operated. Therefore, the very good test data can be obtained by this experimental system.

3.4. Experimental Method

The definition of discharge coefficient is ratio of practical mass flow rate to theoretical mass flow
rate, as shown in Equation (6), which is applied to any flow devices [16]:

Cd =
ma

P∗1
(

Ps
P∗1

)(k+1)/2k
A

√
2k

(k−1)RTt

[(
P∗1
Ps

)(k−1)/k
− 1
] (6)

where k is the adiabatic index, R is gas constant, ma is the real mass flow rate, P∗1 is the average total
pressure at the inlet section, Ps is the downstream static pressure, Tt is the total temperature at the inlet
section, A is the geometric area of the flow passage.

The definition of discharge coefficient is ratio of practical mass flow rate to theoretical mass flow
rate, as shown in Equation (6), which is applied to any flow devices. In the experimental process,
the discharge coefficient of the axial swirler is first investigated to obtain the influence of the swirl
angle and the vane number on the discharge coefficient. Then the effective flow area of the LDI module
is obtained at different pressure drops. Finally, according to the function relationship of Equation (5),
the discharge coefficient of convergent outlet would be obtained under the swirling inlet conditions
with different swirl angels and vane number.

3.5. Numerical Simulation Method

The flow characteristic of single element LDI module is investigated by numerical simulation
method, the purpose is to better understanding and explaining the experimental results. The ICEM
CFD software is used to generate the grids of flow domain, an integrated structured grid is
applied in order to improve the quality of mesh and save the storage and computation time.
The Reynolds-averaged Navier-Stokes (RANS) method is applied to solve the time-averaged N-S



Energies 2018, 11, 1603 7 of 14

equations by the Fluent software; this method avoids the direct solution of N-S equations, thus greatly
reducing the computational cost. And the research results show the steady-state numerical simulation
could be used to predict the swirling vortex [17].

Hsiao G [18] used RANS method to simulate the swirl cup module with different
turbulence models, including standard k-epsilon, realizable k-epsilon, RNG k-epsilon, k-omega and RSM
(Reynolds Stress Equation) model. The comparison of experimental and numerical simulation results
indicates that the standard k-epsilon model is suitable for swirler module, thus the standard k-epsilon
model is applied in this paper. The equations are solved by SIMPLEC algorithm, the standard wall
function is used and the boundary conditions are mass flow inlet and pressure outlet.

The LDI combustor model which proposed by the University of Cincinnati was used as
a verification model of numerical simulation method [19]. The geometry structure of LDI module
in [19] is similar to that in this paper, so that this verification has strong validity. The inlet air mass
flow rate is 0.007 kg/s and the pressure drop of combustor is 4%.

The experimental (EXP) and CFD results of velocity profile are shown in Figure 4. The horizontal
coordinate is a dimensionless radical position in the combustor, and the vertical coordinate is the ratio
of axial velocity and reference velocity. Figure 4 shows that the CFD results are almost consistent with
the EXP results. It should be noticed that there are some difference between CFD and EXP near the
combustor wall; this is duo to the fact the standard k-epsilon model could not precisely simulate the flow
near the wall. However, the air flow in near wall is not the focus in this paper, so that the numerical
simulation methods could satisfy the requirement of engineering analysis.
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4. Results and Discussion

4.1. The Discharge Coefficient of Axial Swirler

4.1.1. The Effect of Swirl Angle

The effect of swirl angle on the discharge coefficient of the axial swirler is shown in Figure 5,
the horizontal coordinate is the pressure drop, and the vertical coordinate is the discharge coefficient.
The results show that the discharge coefficient remains almost unchanged with the increase of
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pressure drop, this is because the Reynolds number is approximately 104 at the pressure drop is
1% in this experiment, and the discharge coefficient no longer increases when the Reynolds number is
large enough.
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As shown in Figure 5, the discharge coefficient of the swirler decreases as the swirl angle increases.
This is because as the swirl angle increases, the airflow separation on the suction side increases,
thereby the flow capability of the swirler is decreased. It should be noticed that when the pressure
drop close to 5.0%, the discharge coefficient of S32-12 is slightly smaller than that of S34-12, which is
different from the overall trend. This result may be due to the fact the difference of swirl angle is
relatively small; furthermore, the experimental measurement accuracy is limited, thus a few abnormal
data are obtained. However, the overall trend could be still hold.

In order to further understand the experimental results, the numerical simulations of LDI modules
with typical swirling angles were performed, the result is shown in Figure 6.
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This is the axial velocity contour in the vane passage of the swirler when the swirl angle is 35◦ or
40◦. The results indicated that the velocity difference between the suction side and pressure side is
larger when the swirl angle is 40◦, which indicated that the 40◦ swirler has a greater airflow separation.



Energies 2018, 11, 1603 9 of 14

From the experimental results in [9], it can also be seen that the discharge coefficient decreases
significantly with the increase of swirl angle. However, the discharge coefficients obtained for the
swirler with the same swirl angle in this paper are smaller than those in the literature, because the
size of the swirlers in this paper are much smaller than that of the swirler in [9]. In the case of a small
scale swirler, the vanes are denser at the hub, so that the flow capacity is weaker than that of a large
scale swirler.

4.1.2. The Effect of Vane Number

The effect of vane number on swirler discharge coefficient is shown in Figure 7. The horizontal
coordinate is the pressure drop, and the vertical coordinate is the discharge coefficient. The discharge
coefficient is almost unchanged with the increase of pressure drop, for the same reason as in Figure 5.
As the vane number increases, the discharge coefficient first increases and then decreases, reaching the
maximum at 15 vanes. It should be noticed that when the pressure drop is large than 4.0%, the discharge
coefficient of S34-13 and S34-14 are approximately equal, which is different from the overall trend.
The reason of this result is similar to the Section 4.1.1; however, the overall trend could also still
be obtained.
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The influence of the vane number on the discharge coefficient of the swirler is mainly reflected
in two aspects: (1) For a certain swirl angle, as the vane number increases, the airflow separation
on the suction side of the vane gradually decreases, resulting in an increased flow capacity of the
swirler, so that the discharge coefficient increases. (2) As the vane number increases, the surface
area of the flow passage also increases, resulting in an increase in the friction loss between the fluid
and the wall, which reducing the flow capacity of the swirler, therefore decreasing the discharge
coefficient. Considering the above two factors in a comprehensive manner, when the vane number is
small, the airflow separation plays a leading role in the flow capacity. When the vane number is large,
the degree of airflow separation will not be significantly improved, but the influence of friction loss on
discharge coefficient plays a leading role.

4.2. The Discharge Coefficient of Convergent Outlet under Swirling Inlet Conditions

The flow characteristic of the LDI module was tested at the same inlet conditions. The effect
of swirl angle and vane number on effective flow area was obtained under different pressure drops,
according to the discharge coefficient results of axial swirler, the effective flow area of convergent
outlet is calculated by solving the Equation (5), and then the discharge coefficient of convergent outlet
is obtained according to the geometry area.
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4.2.1. The Effect of Swirl Angle

The relationship between the discharge coefficient of convergent outlet and the swirl angle at
different air flow rates (corresponding to different pressure drops) is shown in Figure 8. As the swirl
angle increases, the Cd−out almost unchanged until the swirl angle is greater than 36◦, Cd−out decreases
significantly and reaches a minimum value at a swirl angle of 40◦.
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Figure 8 needs to be explained: (1) The convergent outlet could be considered as a circular hole,
according to previous studies [13], if the air flow is straight at the inlet, the discharge coefficient of
single-hole orifice is around 0.67. However, the discharge coefficient is significantly decreased under
the swirl flow inlet conditions. This is because the swirl flow has a large tangential velocity compared
to the straight flow, and the air flows radially outwards under the action of the centrifugal force,
resulting in the decrease of the flow capacity, so the discharge coefficient is reduced. (2) When the
swirl angle is greater than 36◦, the discharge coefficient begins to drop significantly. This is because
as the swirling flow gradually increases, vortex breakdown occurs at downstream of the convergent
outlet, as shown in Figure 9b, the vortex breakdown appears as a stagnation point in the flow field,
the stagnation point is followed by the center recirculation zone. The vortex breakdown bubble (VBB)
in the flow field is equivalent to an obstacle [17], so the air will flow to the outside under the effect
of VBB, further reducing its central flow capacity. When the swirling intensity is weak, as shown in
Figure 9a, the swirling flow is not sufficient to form a central recirculation zone that blocks the flow in
the downstream, so the discharge coefficient of the convergent outlet under the weak swirling flow is
larger than that under the strong swirling flow.
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4.2.2. The Effect of Vane Number

The relationship between the discharge coefficient of convergent outlet and the vane number at
different air flow rates (corresponding to different pressure drops) is shown in Figure 10. With the
increase of the vane number, Cd−out tends to increase first and then decreases.
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This is because with the increase of the vane number, the degree of separation of the airflow
on the suction side of the vanes gradually decreases, resulting in the increase of swirling intensity,
and the radial distribution of axial velocity in the section of convergent outlet is changed. When the
swirling intensity is weak, the airflow is concentrated at the position near the center, the velocity
distribution curve is of the type of “inner high, outer low”, and with the increase of the swirling
intensity, and the airflow begins to move radially outwards. Meanwhile the speed near the inside
gradually decreases, and the speed near the outside gradually increases, resulting in the discharge
coefficient increases. When the swirling intensity is strong enough to form the recirculation zone in the
downstream, the discharge coefficient begins to decrease.

4.3. The Effective Flow Area of LDI Module under Non-Reaction and Reaction Conditions

The gas turbine combustor is operating at high inlet temperature and pressure conditions, but the
above investigations of discharge coefficient were carried out under normal temperature and pressure,
which raises a question: whether the experimental results obtained at normal temperature and
pressure conditions are still applicable at high temperature and pressure conditions with combustion.
Therefore, in order to investigate the effective flow area of combustor under combustion conditions,
the single-tube LDI combustor was proposed, as shown in Figure 11, the combustor consists of LDI
module, liner, casing and dome flange.
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The experiments were performed under three conditions:

1. Normal temperature and pressure without combustion (ACd1);
2. Normal temperature and elevated pressure without combustion (ACd2);
3. Elevated temperature and pressure with combustion (ACd3).

The results are shown in Figure 12, the horizontal ordinate is the ratio of Fuel Air Ratio (FAR) to
Burner Inlet Temperature (BIT), which indicates the ratio of temperature rise to BIT ((Tt4 − Tt3)/Tt3).
The FAR/BIT affects the combustor pressure loss due to combustion, and then affects the effective flow
area. The vertical ordinate is effective flow area.
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The following conclusion can be drawn from Figure 11:

1. ACd2 is significantly larger than ACd1, this is because the Reynold number of the combustor
increases as the inlet pressure increases, and then the effective flow area increases. However,
the effective flow area no longer increases when the Reynold number is large enough.

2. ACd3 is smaller than ACd2, this is due to the thermal resistance caused by the combustion reaction,
resulting in the increase of combustor pressure loss. And as the FAR/BIT increases, the heat
release also increases, resulting in the decrease of effective flow area.

3. The FAR/BIT range corresponding to the high power conditions of LDI combustor in this paper
is approximately the blue area in the Figure 11 (Inlet temperature: 750 K, total FAR: 0.030–0.035).
The effective flow areas of combustor are approximately equal at high power conditions and
normal temperature and pressure conditions, that means the experimental results that obtained at
normal temperature and pressure conditions are still applicable at high temperature and pressure
conditions with combustion.

5. Conclusions

Following conclusions are obtained in this paper:

1. The functional relationship of effective area between LDI module, swirler, and convergent outlet
is established based on the reasonable hypothesis, and the primary design procedure of LDI
module is given.

2. The discharge coefficient of small scale axial swirler is less than that of large scale swirler.
As the swirl angle increases, the discharge coefficient decreases due to the increase of the
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airflow separation on the suction side; as the vane number increases, the airflow separation
decreases, but the airflow friction increases, resulting in the fact that the discharge coefficient
shows an increase trend first and then decreases.

3. The discharge coefficient of a convergent outlet under swirling air inlet is obviously smaller than
that of the straight flow inlet, which is mainly affected by the velocity profile of the upstream and
downstream flow field. As the swirl angle and vane number change, the discharge coefficient
decreases when the recirculation zone is formed downstream of the module.

4. The effective flow areas of the combustor are approximately equal under high power conditions
and normal temperature and pressure conditions. This indicates that the investigation of
discharge coefficient could be carried out under normal temperature and pressure conditions.
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Nomenclature

A Geometric area
Aout Convergent outlet area
Asw Swirler area
ACd1 Effective flow area of combustor (normal temperature and pressure without combustion)
ACd2 Effective flow area of combustor (normal temperature and elevated pressure without combustion)
ACd3 Effective flow area of combustor (elevated temperature and pressure with combustion)
BIT Burner inlet temperature
Cd Discharge coefficient
Cd−out Discharge coefficient of convergent outlet
Cd−sw Discharge coefficient of swirler
FAR Fuel air ratio
k Adiabatic index
ma Air mass flow rate
P∗1 Total pressure on Section 1
P2 Static pressure on Section 2
P∗2 Total pressure on Section 2
P3 Static pressure on Section 3
Patm Atmosphere pressure
Ps Downstream static pressure
R Gas constant
Tatm Atmosphere temperature
Tt Inlet temperature
∆P/P Pressure drop
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