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Research and Development 
o f  a  C o m b u s t o r  f o r  a n 
Environmentally Compatible 
Small Aero Engine

 HIDEKI MORIAI*1 TOMOYOSHI NAKAE*1

 YOSHIAKI MIYAKE*1 MITSURU INADA*2

Mitsubishi Heavy Industries, Ltd. (MHI) has proposed a rich-burn, quick-quench, lean-burn combustor for use as a simple, 
low NOx-emission combustor for the ECO Engine (environmentally compatible small aero engine).  MHI promoted the research 
and development of the ECO Engine from 2004 to 2006 as a national project with a subsidy from the New Energy and Industrial 
Technology Development Organization (NEDO).  The performance evaluation tests, conducted at the combustion test facility of the 
Japan Aerospace Exploration Agency (JAXA) in 2006, indicated that many requirements were satisfied, such as emissions, combustor 
exit temperature distribution, and combustion efficiency.  The NOx emissions were less than 50% of the international regulations.

1. Introduction

The combustor in the engine of a commercial airplane 
must be highly reliable, contain simple parts, and have a 
low cost over its entire life cycle.  Low NOx and reduced 
CO2 emissions are also required to protect the global 
environment.  Conventional technology, however, requires 
complicated combustor structures and control architectures 
to maintain the reliability of the combustor while realizing 
low NOx emissions, resulting in higher costs.  To address 
this problem, MHI has carried out the fundamental research 
for the rich-burn, quick-quench, lean-burn (RQL) combustor, 
which has a simple configuration, low cost, and low NOx 
emissions.  The research and development was conducted 
for 3 years from 2004 to 2006 as part of the Research and 
Development of an Environmentally Compatible Small Aero 

Engine (ECO Engine) project.  We describe the developed 
fundamental technologies in this report.  This work was 
conducted with a subsidy f rom the New Energ y and 
Industrial Technology Development Organization (NEDO). 

2. Description of the ECO Engine and its 
development schedule

Figure 1 shows the research and development schedule 
for the ECO Engine project.  The demand for regional jet 
airplanes with 100 seats or less is predicted to increase by 
about three times within 20 years.  Moreover, very few engines 
are available for existing 50-seat airplanes, all of which were 
developed in the 1990s and thus contain older technology.  
Therefore, worldwide demand from the mid-2010s onward 
for new and replacement engines is expected.  The ECO 
Engine (Fig. 2) would be a suitable replacement engine for 
50-seat regional jet airplanes, with a thrust of 4 to 5 tons.  
Presently, the ECO Engine is in its third stage of development.  
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Fig. 1  Small ECO Engine development schedule1 Fig. 2  Numerical mock-up of the ECO Engine1
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This report describes the development of the fundamental 
technologies of the combustor, for which MHI is responsible, 
that were the result of the second-stage Fundamental 
Technology Development1 part of the ECO Engine project, 
which started from 2004.  The need for these technologies 
was identif ied by NEDO.  We started with fundamental 
research into the fuel nozzle and combustor wall cooling.  We 
then fabricated a sector test model that consisted of a 1/6th 
segment of the entire combustor, tested it, and made some 
design improvements in parallel to the above research.  The 
performance of the sector combustor was evaluated in 2006. 

3. RQL combustion and outline of the combustor 
design

The RQL combustion is a combustion technique used to 
lower the local flame temperature and reduce NOx emissions 
by performing the combustion in a fuel-rich state and a fuel-
lean state, as shown in Fig. 3.2  The RQL combustion method 
features a simple structure with only one fuel path in the 
fuel nozzle, excellent ignitability, and combustion stability, 
as well as high combustion performance, even during low 
loads.  This is achieved because the mixing ratio in the 
primary combustion zone, which affects the ignitability and 

combustion stability, can be set relatively high.
T he combust ion process in the RQL combustor is 

described below.  During high loads, the combustion is 
carried out in a fuel-rich state with an equivalence ratio of 
over 1.  The combustion occurs in the primary combustion 
zone immediately after the fuel nozzle, as shown in Fig. 4.  
Afterward, an instantaneous shift occurs from a fuel-rich burn 
to a fuel-lean burn caused by intensively supplying dilution air.  
In other words, a rapid completion of combustion is achieved 
at a fuel-lean state in the secondary combustion zone after 
dilution.  Lower NOx emissions are realized by minimizing 
the residence time of the combustion gas during periods when 
the fuel/air mixing ratio is close to stoichiometric and large 
quantities of NOx are formed.  In conventional combustors, 
dilution holes are distributed throughout the entire combustor 
so that dilution progresses slowly.  Thus, a large quantity of 
NOx is generated, especially at the point when the equivalence 
ratio is unity.  Therefore, a concept to locally concentrate the 
dilution holes is required.  The RQL combustor is designed 
so that the equivalence ratio of the primary combustion zone 
is approximately unity stoichiometrid fuel-air ratio during 
low loads to realize the conflicting goals of high combustion 
efficiency and combustion stability.  In this case, although 
the NOx emissions per fuel flow rate are large, the effect on 
the total amount of NOx emissions is small because of the low 
load.  The total amount of NOx emissions is measured over the 
entire landing and takeoff cycle (LTO cycle) regulated by the 
International Civil Aviation Organization (ICAO).3

Since a zone exists in the RQL combustor in which the 
equivalence ration is high compared to other combustors, 
the amount of smoke emissions can be large.  Therefore, 
countermeasures are required, such as avoiding fuel droplet 
stagnation by air flow near the fuel nozzle, to suppress the 
smoke emissions.  Since NOx is generated mainly near 
the dilution zone of the combustor, optimizing the dilution 
air hole patterns by studying the airf low state inside the 
combustor through computational f luid dynamics (CFD) 
analysis and airflow tests is also important.  Figure 5 shows 
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Fig. 3  Configuration of the RQL combustor

Fig. 4  Principle of the RQL combustor, reducing NOx emissions Fig. 5  The 1/18 sector CFD model
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the three-dimensional model of a 1/18th sector that was used 
to predict the airf low, and Fig. 6 compares the results of 
the CFD analysis and particle imaging velocimetry (PIV).  
The two sets of results are in good qualitative agreement.  
Various dilution hole patterns were analyzed with CFD 
utilizing the Taguchi method; these results were reflected in 
the combustor design.  Figure 7 shows one example of the 
results.  The findings illustrated in Fig. 7 indicate that higher 
vorticity could be obtained by aligning the dilution holes so 
that large holes faced small holes, thereby promoting the 
dilution mixing process.

The RQL combustor also combines air-blast fuel nozzles 
and low-cost precision-cast panels.  The combustor must 

achieve a uniform and sufficiently fine droplet size over a 
short period of time using a short stroke to suppress smoke 
generation while simultaneously allowing the chemical 
reaction to progress sufficiently prior to the dilution process 
in the primary combustion (fuel-rich burn) zone.  An air-blast 
fuel nozzle was adopted for this purpose.  This nozzle injects 
internal and external high-speed rotating airflows with fuel 
into the combustor, promoting the generation of fine fuel 
droplets due to the shear force between the rotating airflows 
against the fuel.  We also adopted a double-wall liner cooling 
method (Fig. 8) to cool the liner panel by forced convection.  
Cooling air in the double-wall liner prevents NOx formation 
by avoiding, as much as possible, the progress of combustion 
in a state that is close to the stoichiometr ic fuel/a ir 
mixing ratio in the fuel rich primary combustion zone.  
Furthermore, the combustor panel was designed so it could 
be manufactured by precision casting to reduce its cost.

4. Development tests

Although the combustor performance of the ECO Engine 
was evaluated using a multi-sector combustor performance 
evaluation test, various fundamental tests were conducted 
prior to this evaluation.  These tests consist of

• single-sector combustor tests,
• fuel nozzle tests, and
• combustor liner panel tests.
The nozzle design was optimized during the series of fuel 

nozzle development tests.  The resulting nozzle was used for 
the single-sector combustion test to optimize the layout of 
the dilution holes.  If the performance was not adequate, we 
repeated the fuel nozzle tests to further optimize the nozzle.  
For the combustor liner tests, we determined the potential 
of improving the heat transfer coefficient from a cooling 
performance test with an enlarged model, and then used full-
scale parts in a multi-sector combustor test to confirm the 
improved performance.  These tests are described in more 
detail in the following sections.
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4.1 Single-sector combustor tests
The equivalence ratio in the main combustion zone is an 

important design parameter for the RQL combustor system, 
and should be optimized to reduce the NOx emissions as 
much as possible.  Therefore, we designed and manufactured 
a single-sector combustor rig (Fig. 9) for performing the 
necessary fundamental tests to optimize the equivalence 
ratio in the primary combustor zone.  We verified that the 
NOx emissions could be largely reduced by increasing the 
equivalence ratio in the primary combustion zone, i.e., using 
RQL combustion, and simultaneously obtained correlation 
data between the equivalence ratios and the NOx emissions. 

4.2 Fuel nozzle tests
We manufactured prototypes of the air-blast fuel nozzle, 

and evaluated the characteristics of fine fuel droplets using 
a series of fuel nozzle spray tests.  Figure 10 shows a 
photograph of the external appearance of one type of fuel 
nozzle, and Fig. 11 displays an example of the spray tests.  
We wished to evaluate the average sprayed droplet size, 
droplet diameter distribution, spray divergence angle, and 
the pressure loss (difference between the inside and outside 
of the combustor) required to realize these characteristics.  

In addition, we required a low fabrication cost and a structure 
that did not become clogged due to carbonization of fuel.  
Therefore, many dif ferent shape parameters could be 
considered in these tests.  In addition, the spray is a two-
phase f low, which contains elements that cannot yet be 
adequately modeled by numerical simulation, such as the 
division/collision and evaporation of droplets, heat received, 
and chemical reactions.  Accordingly, a process was required 
to select the optimal design after measuring many different 
droplet sizes and flow rate distributions.

As one example, Fig. 12 shows part of the measured 
average droplet Sauter mean diameter (SMD) for various 
nozzle shapes.  The design target value was an SMD of 30 
μm or less.  This was achieved with Improved Design B by 
combining improvements from earlier designs. 

4.3 Combustor liner panel tests
We adopted pin - f in, precision- cast , cool ing panels 

with turbulence promoters for the combustor l iner to 
simultaneously achieve both a higher cooling performance 
and lower manufacturing cost (Fig. 13).  According to our 
cooling model tests, the turbulence promoters increase 
the heat transfer coefficient by 10% to 20% compared to a 
conventional cooling structure.  We anticipate that this will 
contribute to improving the durability of the combustor panel 
and reducing the life cycle cost of the engine. 
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Fig. 9  The 1/18th single-sector combustor

Fig. 10  Air-blast fuel nozzle

Fig. 11  Spray test for the fuel nozzle

Fig. 12  Droplet size measurement results
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5. Performance evaluation tests of a multi-sector 
combustor

Tests to evaluate the combustor per formance were 
conducted in the sector combustion test facilities (Aero 
Engine Test Faci l it y No. 7, Chofu Cit y) of the Japan 
Aerospace Exploration Agency (JAXA) from the beginning 
to the middle of May 2006.  A high-altitude relight test was 
conducted at the High-Altitude Relight Test Facility of MHI 
located in Komaki City, Aichi Prefecture, at the end of June 
2006.  The structural reliability of the combustor hardware 
design was verified by a structural analysis that indicated 
excellent cycle fatigue, buckling strength, and creep life 
characteristics.

5.1 Summary of performance evaluation results
Table 1 summarizes the performance evaluation results.  

Many requirements were well sat isf ied, including al l 
emission requirements.  However, some additional work is 
still required.  Figure 14 shows the external appearance of 
the sector combustor, and how it was mounted on the JAXA 
sector combustion test facilities.  Details of each requirement 
are given in the following sections.

5.2 Combustion efficiency
The combustion efficiency requirement was 99.9%, and an 

efficiency as high as 99.93% was confirmed, demonstrating 
the superior spray/mixture/combustion design.  These 
results were directly connected to the reduced CO2 emissions 
and low fuel consumption of the engine. 

5.3 Emission characteristics
All emission requirements were satisfied, as shown in 

Fig. 15, and an overall excellent emission performance was 
demonstrated.  In particular, CO and thermal hydrocarbon 
( T HC) or unburned f uel emission results indicated 
considerable margins between the actual values and the 
design requirements.  The outstanding results were due to 
the higher equivalence ratio in the primary combustion zone, 
which contributed to better combustion performance during 
low loads.  The regulation value shown in the figure was 
obtained by assigning a weight of 100% to the Committee on 

Fig. 13  Cooling panel with turbulence promoter
Fig. 14  Sector combustor rig, and 

mounting in the JAXA facilities

Fig. 15  Emission evaluation results

Table 1  Summary of the performance evaluation results
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intentions owing to the fine droplet size and excellent mixing 
caused by the air-blast nozzle and dilution air hole layout.

5.5 Combustion stability
The combustion stability requirement was a stabilized 

flame at an air/flame ratio of 200, but the actual test results 
showed that the flame blew out at an air/fuel ratio of 170 or 
less.  However, a stabilized flame was observed at an air/fuel 
ratio of 200 or more for each flow condition in tests under 
‘staging’ conditions, as shown in Fig. 17.  Therefore, we 
presume that the insufficient combustion stability occurred 
because the main combustion zone was under a fuel-lean 
condition.  Two options are available as countermeasures:

• 50% circumferential staging, in which only half of the 
nozzles are burned temporarily when the engine output 
deteriorates rapidly (Fig. 18), or

• improvement of the air/fuel ratio in the combustion zone, 
in which the airflow rate in the main combustion zone is 
reduced by approximately 30% to raise the fuel richness 
during low loads (Fig. 19).

Since two fuel systems are required for option 1, which 
increases the cost and complexity, option 2 is more desirable 
for the ECO Engine.  However, increasing the fuel richness 
implies the possibility of more smoke emissions, and thus 
further verification tests are required.

5.6 High-altitude relight performance
Figure 20 shows a schematic diagram of the MHI High-

Altitude Relight Test Facility.  The test results are given 
in Fig. 21.  Relights were successful under three of the 
required five conditions.  Under the two 25-kft conditions, 
relights were successful and acceptable by reducing the 
airflow rate by 13% to 20% from the stipulated amount (three 
consecutive relights were achieved).  The shaded portion of 
the figure indicates the region in which successful relights 
were verif ied.  At an altitude of 25 kft, the volume f low 
rate of the air inflow was large, and even if the relight was 
successful, the condition was close to the flame stabilizing 

Aviation Environmental Protection CAEP4 value.3  This was 
the regulation value that was in effect when the ECO Engine 
project was started.  The current CAEP6 value is 12% stricter. 

5.4 Combustor exit temperature distribution
The temperature distribution requirements were satisfied 

with sufficient margins in the circumferential and radial 
direct ions, as shown in Fig. 16.  This was due to the 
relatively uniform combustion process as per our design 

No staging 2/3 staging 1/3 staging Decrease in the nozzle airflow rate, increase 
in the downstream dilution airflow rate

Maintaining fuel richness in the fuel-rich zone

R
ad

ia
l S

p
an

 (%
)

: Results
: ECO Engine requirement
: Regulation value

1100

1160

1220

1280

1340

1400

R.T.F

Circumferential pattern factor = 0.159 (requirement < 0.25)

T4 Profile

–0.2 –0.15 –0.1 –0.05 0 0.05 0.1 0.15

100
90
80
70
60
50
40
30
20
10

0

Fig. 17  Verification of combustion stability by staging

Fig. 16  Combustor exit temperature distribution

Fig. 18  Concept of 50% circumferential staging combustion

Fig. 19  Fuel-rich realization of the main combustion zone
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limit so that a subsequent blowout was observed in some 
cases.  Accordingly, we must increase the flame stabilization 
of the combustor to improve the relight performance.  Since 
relights were successful at 25 kft when the airflow rate was 
reduced by 12% to 20%, we believe that the most effective 
countermeasure is reducing the airf low rate in the main 
combustion zone.  A reduction of the airflow rate in the main 
combustion zone by 20% to 30% is a common countermeasure 
for both combustion stability and high-alt itude relight 
performance.  We plan to proceed with further tests in the 
near future.

6. Conclusion

MHI has carried out research and development on the 
RQL combustor since 2004 to achieve a low NOx emission 
combustor for the smal l ECO Engine.  Per formance 
evaluation tests in 2006 using a sector combustor indicated 
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that many requirements were well sat isf ied, including 
emission characteristics, combustion efficiency, and exit 
temperature distribution.  Although the required combustion 
stability and high-altitude relight performance were not met, 
we believe that they will be achieved in the near future by 
reducing the airflow rate in the main combustion zone and 
promoting a fuel-rich state.

New airplane engines must have excellent fuel consumption 
due to the steep rise in the cost of crude oil and fuel in recent 
years.  One such engine is Pratt & Whitney’s Geared Turbofan 
(GTF) Engine, which is to be installed on the Mitsubishi 
Regional Jet (MR J).  NOx emissions will be indirectly 
reduced through improved fuel consumption.  Currently, an 
expectation exists that the allowable NOx emissions will be 
sharply reduced in Europe, where future environmental issues 
are a major concern.  Thus, the NOx emission reduction 
target will become stricter.  We intend to proceed with the 
development of a low-cost combustor with reduced NOx 
emissions by further promoting this research.
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