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Development of Combustor for Supercritical CO2 Turbine  

 
Yasunori IWAI, Yuichi MORISAWA, Shinju SUZUKI, Masao ITOH (Toshiba) 

 
ABSTRACT 

The novel thermodynamic power cycle developed by NET Power can capture 100% of atmospheric emissions including 
all carbon dioxide, and can be driven with high thermodynamic efficiency. The proprietary system achieves these results 
through a closed-loop, high-pressure, low-pressure-ratio recuperated Brayton cycle that uses supercritical CO2 as the 
working fluid. 
Toshiba, NET Power, CB&I and Exelon are partnering to commercialize this system by developing a 25MW-class pilot 
plant that is scheduled to begin testing in 2016. Toshiba has undertaken the development of the new combustor and turbine 
that will be required due to the pressures, temperatures and working fluid of this cycle. In this project, we are planning 
that combustor exit temperature is 1150 degree C and combustor inlet pressure is about 30MPa at design 
point. We achieved oxy-fuel combustion test using natural gas in 30MPa condition, test results of combustor 
test are introduced in this paper. 
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Fig.1 Primary cycle of SCO2 cycle thermal power 

generation system3) 
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Fig.2 Cross-section of the 25MW SCO2 turbine3) 
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Fig. 3 30MPa combustion test system2) 
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Fig.4 Test Stand4) 
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Fig.5 Test stand at time of ignition3) 
 
Fig.6 Fig.8 30MPa

 
 
 

 
Fig.6 Time trend of mass flow 

 
 
 

 
Fig.7 Time trend of pressure and exit temp. 
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Fig.8 Time trend of O2 % and equivalence ratio 
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Consideration on Combustion Method for Low NOx Combustor of  
Hydrogen Gas Turbine 

YUASA Saburo (Tokyo Metropolitan Univ.)

ABSTRACT 

CCS-IGCC plants require gas turbines using high-hydrogen fuels with ultra-low NOx emission. This paper considers the 
combustion method for low NOx combustors of hydrogen gas turbines. The combustion characteristics of hydrogen lead to 
the concept of combustor with small distributed lean-premixed flames without flash back. Resent low-NOx combustors using 
high-hydrogen fuels have flat configurations with micro-premixing fuel multi-injectors. An examination of the characteristics 
of these combustors indicates that the dominant design factors for attaining low NOx emission are the exit diameter and 
injection velocity of lean-premixing injectors. NOx emission tended to decrease with decreasing the injector diameter and 
increasing the injection velocity. 
Key words: Hydrogen Gas Turbine, Low NOx Combustor, Premixed Combustion, Multi-injector, Small Flame  
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The development of hydrogen content gas combustion technology 
 

*Takeo Oda, Toshiaki Sakurazawa, Yasuhiro Kinoshita(Kawasaki Heavy Industries, Ltd.) 
 

ABSTRACT 
Kawasaki Heavy Industries, Ltd.(KHI) proceed the development of hydrogen gas turbines. The 

combustion technologies are key technology to develop them. To use hydrogen/hydrogen rich 
gases in gas turbine combustor is known to make much nitrogen oxide(NOx) during diffusion 
combustion by their high flame temperature, and to increase the risk of flashback during premix 
combustion by their high flame speed. KHI has already developed and commercialized DLE 
combustors featuring a multistage burner process employing a pilot burner as well as main and 
supplemental burners. The new development builds on the proven technology of the DLE 
combustor and uses the pilot and main burners for natural gas, while enhancing the 
supplemental burners, which provide minimal risk of flashback for burning hydrogen gas. 
Key words: Combustor, Hydrogen 
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Fig.4 Fuel distribution as engine load 
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Development of Gas DLE with Liquid Stand-by Combustion System 
for Kawasaki L20A Gas Turbine 

*Yoshinori MATUSO, Kiyoshi MATSUMOTO and Masahiro OGATA (KHI) 

ABSTRACT 
While it is very important to reduce NOx emissions for the gas fuel from the viewpoint of the environmental 

protection, KHI focuses on the development of flexibility about operation and fuel in order to meet various 
customer requirements. KHI has developed gas DLE with liquid stand-by combustion system for Kawasaki 
L20A gas turbine. The liquid stand-by DLE combustor can fire gas fuel in low NOx mode, and liquid fuel in the 
stand-by mode. Emission target at the gas fuel is NOx < 15ppm and CO < 25ppm(O2=15%). This development 
could achieve the target emissions level during the load range of 50-100% at the engine test. 
Key words: Combustor, Gas fuel, Liquid fuel 
 

������������������������ 

�������	
��������������

�������� !"#$%NOx&�'()*�+,

�-.�������/0123456789)*3+

,:�;<=>?�@ABC�D 

EF@G=;H�B�?2�-.>?2,IJK��

����%25kW~30MW L&3+,6�M7D�7�

1990�N�O�=NOx 25ppm%O2=15%PQ&3RS

:� DLE 89T�UV3+,6�WX�?2����

��289T�UV<6��YZ[126�M7D1� 

\]B�	
^_�`abc��deb�fgB=NOx 

25ppm-h�ic�j6�NOxkl�m2iHeeC

h�������n�opq=rs� NOx tuvwx

�'(3y�<6�+,3zK�M7D{q� NOx 

15ppm3^|:�}7s DLE89T�UV3 2008�

�M7A-03%8MWL������&JK�+,67 2)D 

�7�BCP(~��z��)��:���������

hbc�?2��������8�BC���8���

������-h���7������������1

23�zBM�-��������8�<6���8�

��2BM�89T�UV��dA�iH���D 

�;B�{q= 18MW L������<6��� 

��¡��¢£¤3¥:� L20A������%¦ 1�

-.§ 1&3�4������¨?12=��8�B'NOx

1©ª«BCh�������<6���8���2ª

«s¬�®����¯° DLE 89±3+,67D�

�²M³=´�µ�¶·¤ 50¸100%���NOx 15ppm

%O2=15%PQ&�CO 25ppm%O2=15%PQ&¹º3»

¼6���²M³=½¾89�-�/012�ª«s

L20A ¬�®����¯° DLE 89±�e��¿À

:�D 

 

 

 

 

 

 

 

 

 

 

 

ÁÂÃ 89Ã ���� 

§ 1Ä L20A������ÅÆ§ 

¦ 1Ä L20A��������sÇÈ 

���� ���	

��

�� ���
�

���� 	���
���

��� �����!"#

$�% ���&'('�

)�*+,� ���-

./ 01/

$23 1���4

567 8.&8

9:;< 1��4

 A-4 

Download service for the GTSJ  via 153.121.55.14, 2025/02/01. 

                           15 / 273



��������	
��	
��	
��	
�� ������������������������������������������������������������ 


��
��
��
��� ����������������� � � �  

§ 2� L20A�-.M7A¬�®����¯°DLE

89±�L20A ��É9 DLE 89±�ÅÆ§3Ê:D

L20A ¬�®����¯° DLE 89±���²M2

��Ë=�Ì¯Í�Î��Ë%½¾&�n¯���Ë�-

.Ï²M��Ë%ÐÑ�&� 3ÒÓ���ËBÔSiH

���D�7���²M2��Ë=�§ 3�Ê:Ì¯Í

�Î��Ë%½¾&� 1ÒÓ�ÕBCh�Ö×2��¡

¯Ø¬¡¯��-.¶·1©2�Ùo�Ú¬¡¯�3¥

6���D��²M89Û«�Ü��ÝÞ�ßM�Ì¯

Í�Î��Ë�-.¡¯Ëà�®=�á�âã#iH�

��M7A¬�®����¯°DLE89±3w���

ä�67D��å�æã= L20A ��É9 DLE 89±

3w���ä�67D 

L20A ¬�®����¯° DLE 89±�p��Ë

�çèéê3ës�7ì�CFD%Computational Fluid 

Dynamics&32��8�íîïð3ñò67D�7�

��²M³�t��Û«���²M³�óôÛ«�-.

89/0Û=89±õ�¬ö÷ø�-.´�µ�÷ø�

�ñò67Dùú-h��ûü3Ê:D 


�

�

�

�
� !"#!"#!"#!"# $%$%$%$%&'&'&'&' 

§ 4� L20A¬�®����¯° DLE89±��

K�n¯�89ýg�þÍ�Ì���3Ê:Dn¯��

�Ëbc��iH78�=�ÐÑ�¨�3¨h¡¯Ë�

Æ�����H�DÏ²M��Ë�R67�H=�Ì¯

Í�Î��Ë�J���ýg3çS:�D;�-�s�

�ýg3çS:�;<�-��/0893	
6���D 

§ 5�n¯���ËÐÑ�¨�u�ÅÆ��K�8�

§ 2Ä L20A¬�®����¯°DLE89± 

§ 4Ä n¯�89ýg��K�þÍ�Ì��� 

Ï²M��Ë ¡¯Ë n¯���Ë 

Low High 

�� [m/s] 

§ 2Ä L20A¬�®����¯°DLE89± 

L20A ���� DLE��� 

L20A �	
������ DLE��� 

M7A �	
������ DLE��� 

 

������ 

 

���
���� 

����� 

���� [-]  

ÅÆ AA-AA 

n¯���Ë 

Ì¯Í�Î��Ë 

AA 

AA 

§ 5Ä n¯���ËÐÑ�¨�u�ÅÆ 

��K�8�íîïð 

§ 6Ä Ï²M�u�ÅÆ��K�8�íîïð 

(b) ÐÑ���Ë 

ÅÆCC-CC 

Ï²M� 

ÐÑ�¨� 

8���� 

CC CC 

§ 3Ä Ì¯Í�Î��Ë 

(a) ½¾��Ë 

���� [-] 

BB BB ÅÆBB-BB 

8���� 

Ï²M� 

 �	
���� 

������� 

 �	
���� 

������� 

Download service for the GTSJ  via 153.121.55.14, 2025/02/01. 

                           16 / 273



íîïð3Ê:D§��8�íîïð=�8�íî�

�B�:�;<B�ù�#67D§ 5-h�ÐÑ�¨�

u�ÅÆ��K�8�íîïð=���\BC�;<�

ñòBM�D 

§ 6�Ï²M�u�ÅÆ��K�8�íîïð3Ê:D

Ï²M��Ë={q��²M DLE 89±�m2iH�

����)*BCh�Ï²M��Ë32�7��89�

-h���¶·��B DLE 1©�ª«BC�DÐÑ�

Ï²M��Ë={qM7A��É9DLE89±B�ì�

m2iH�����L20A�-. L30A��É9DLE8

9±��m2iH7D§ 6-h�½¾��Ë��K�8

��íýg=Ï²M�u�ÅÆ�����dïð6��

�;<��b�D8��íýgB=× !î��ds�

7ì�´�µ��¶·"���� NOx tu#�$%:

�&J�C�D\]�ÐÑ���Ë=½¾��Ë<'(

6��8�íîïð��\BC�7ì�´�µ��¶·

"��K�NOxtu#�'(ª«BC�D 

 





�(�(�(�(� ���)*+���)*+���)*+���)*+,,,,-&'-&'-&'-&' 

§ 7�89±õ�¬ö÷ø)*�+,§�§ 8���

-`3Ê:D892./!î�-.Á0=�I/1��

�-.Á0234�-h23iH��vËV56��3

À6��÷89±�7bH�D8�<6�89���-

.��8�%:;�-.@;&��2ª«BCh�p�

�Ë�8���#=<ô��23iH�D89±º�

Ú�Î�����89±u�!î=!î�Í�=32�

��>iH�89��=?��x�Í�=3À6�t�

�ï@��7bH�D�7�89èA=÷ø)*º��

ä*67`BCbcDE:�D892./� �!î=

600F� �Á0= 0.3MPa BCh�89±G��-.

u�./!î�./�H=	´�µ�IJ3KL:�-

�23iH�D 

§9�89±õ�¬ö÷ø��K�t��Û«3Ê:D

§��.8'=	´�µ��p¶·�M{:�.8'3

	´�µ�N¶·M{�.8'B�:�;<B�ù�#

67D§ 9-h�Ì¯Í�Î�-.n¯���Ë�t�

�Û«=�+,yWBC�NOx 15ppm3»¼:�;<

3ñòBM7D�7�Ï²M��Ë�t��Û«3ñò

:�7ì�O��.8'bcÌ¯Í�Î�-.n¯��

�Ë�8��#3\0<6�Ï²M��Ë�8��#�

Õ3$%iP7<;Q�	´�µ�¶·¤ 50¸100%M

{�����NOx15ppm3»¼:�;<3ñòBM7D 

 





�.�.�.�.� /�0/�0/�0/�0�,-&'�,-&'�,-&'�,-&' 

§ 10�´�µ�÷øäR�-`§�§ 11�´�µ�

÷ø��K���²M³�t��Û«3Ê:D¶·¤ 50

¸100%�����t��yW� NOx 15ppm�CO 

25ppm3»¼:�;<3ñòBM7D 

�

��

� § 12 ���8�bc��8��8�SP�÷øû

ü3Ê:D´�µ�¶·¤ 100%�������²M2

��Ë�8��#323:�n¯�8�lT4�-.Ï

²M8�lT4�U]J�ôV:�<W³����²M

2��Ë�8��#32ú:���8�lT4�+]J

�ôV6��h�p8�lT4��V�X�ôV:�;

<3ñòBM7D 

§ 13 ���8�bc��8��8�SP�÷øû

ü3Ê:D´�µ�¶· 100%�������8�lT

§ 9Ä 89±õ�¬ö÷ø��K�t��Û«%��²M& 

§ 8Ä 89±õ�¬ö÷ø)*%-`§& 

8�¡¯� 

�vËV56�� �÷89± 

 

Heater Air Compressor

Test Combustor

Gas
Analyzer Exhaust

Sight Glass

Pressure
Control
Valve

Hot Gas

Air

Fuel

Plenum Chamber
����� 

�� 

���� 

��� 

��  

!"#�� $%&'(
) 

�" 

��� *+,-. 

�� 

/01 

'(�234� 

§ 7Ä 89±õ�¬ö÷ø)*%+,§& 

Download service for the GTSJ  via 153.121.55.14, 2025/02/01. 

                           17 / 273



4�U]J�ôV:�<W³��n¯�8�lT4�-

.Ï²M8�lT4�+]J�ôV6��h�p8�l

T4��V�X�ôV:�;<3ñòBM7D 

§ 12�-. 13-h�8�SP�³�´�µ�Y©Z

�[ô=\id�t/!î]^�½ß6��s�;<b

c�89=/06��h���sd8�SP�ª«BC

�;<3ñòBM7D 

1111

2222����34�34�34�34�456�456�456�456�78787878 

L20A �������m2:�¬�®����¯°

DLE 89±<6����²M³=´�µ�¶·¤

50~100%��NOx 15ppm%O2=15%PQ&�CO 25ppm

%O2=15%PQ&¹º3»¼6���²M³=½¾89

�-�/012�ª«s89T�UV�+,�_`67D 

{qB=�2014�îºabc L20A¬�®����

¯° DLE 89±3b�cG:�Ð0BC�D�7�d

+,�-hecH7)*= L30Asf��m2:�Ð0

BC�D 

 

9:;<9:;<9:;<9:;<1111

Ägh Kajita, S., et al., 1966, “An Advanced Development of a 
Second-Generation Dry Low-NOx Combustor for 
1.5MW Gas Turbine”, ASME 96-GT-49.Ä

Äih Aoki, S., et al., 2009, “Upgraded lineup of KAWASAKI 
Gas Turbine Combustion Systems”, International 
Conference on Power Engineering-09 G-153.Ä

Äjh Sugimoto, T., et al., 2002, “Development of a 20MW 
Class High-Efficiency Gas turbine L20A”, ASME 
2002-GT-30255.Ä

Äkh Tanaka, R., et al., 2006, “Continuing Improvements of 
20MW-class GT Kawasaki L20A”, ASME 
2006-GT-90394.Ä
Ä

Ä

Ä

Ä

Ä

Ä

Ä

Ä

Ä

Ä

Ä

Ä

Ä

Ä

Ä

Ä

Ä

Ä

Ä

Ä

Ä

Ä

Ä

Ä

Ä

Ä

Ä

Ä

Ä

Ä

Ä

Ä

Ä

Ä

Ä

Ä

Ä

Ä

Ä

Ä

Ä

Ä

Ä

Ä

Ä

Ä

Ä

Ä

Ä

Ä

Ä

Ä

Ä

Ä

Ä

Ä

Ä

Ä

Ä

Ä

Ä

Ä

Ä

Ä

Ä

Ä

Ä

Ä

Ä

Ä

Ä

Ä

Ä

Ä

Ä

Ä

Ä

Ä

§ 10Ä ´�µ�÷øäR%-`§& 

89± 8�Ølm�x® 

§ 12Ä 8�SP�÷øûü%��8�bc��8�& 

§ 13Ä 8�SP�÷øûü%��8�bc��8�& 

§ 11Ä ´�µ�÷ø��K�t��Û«%��²M& 

Download service for the GTSJ  via 153.121.55.14, 2025/02/01. 

                           18 / 273



42 2014.10 

 

 
Large-Eddy Simulation of a Turbulent Spray Combustion Field of 

a Full Annular Combustor for Aircraft Engine 
 

*Takayuki NISHIIE (NuFD), Mitsumasa MAKIDA(JAXA), Naoki NAKAMURA (ASIRI), 
Ryoichi KUROSE (Kyoto Univ.) 

 
ABSTRACT 

Large-Eddy Situation (LES) is applied to a turbulent spray combustion field in a full annular combustor for aircraft 
engine. An extended flamelet/progress-variable method is employed as turbulent combustion model due to the advantage of 
computational cost and consideration of detailed chemical kinetics. A large-scale parallel computation is curried out using 
the supercomputer “K”. The results show that predicted combustor exit temperature distribution well agrees with 
measurement, which suggests that present approach is capable of capturing the general feature of the turbulent spray 
combustion field in a full annular combustor for aircraft engine.

Key words: Jet engine combustor, Large-Eddy Simulation, Spray combustion, Flamelet method, HPC 
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Table 2 Flamelet library
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1 2000 4200
800   

 
Table 1 Test conditions 

Inlet air mass flow rate [kg/s] 8.86 
Inlet air temperature [K] 550.0 
Fuel mass flow rate [kg/s] 0.1211 
Fuel temperature [K] 333.15 
Inlet air total pressure [Pa] 738100 

 
Table 2 Analytical condition 

Turbulent model Standard Smagorinsky 

Fluid model Zero-Mach number  
approximation 

Combustion model Flamelet/Progress variable  
Radiation model WSGG 

Chemical species 

Oxidizer Air [mass %] 
O2 23.3%, N2 76.7%,  
Fuel Jet-A  [mass %] 
C12H26 45% C8H18 29% 
C7H8 26% 

Convection term 
discretization scheme 

2nd order central 92% 
1st order upwind   8% 

Time integration method Euler implicit 
Time step size [s] 1.0E-6 

 

 
Fig.1 Photograph of full annular combustor. 

 
Fig.2 Schematic of combustor components. 

 
Fig.3 Schematic of computational mesh geometry. 
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Fig.4 Liquid fuel droplet distribution inside full annular 

combustor. 

 
Fig.5 Iso-surface of gas temperature (1600K) inside full 

annular combustor . 

Fig.6 Instantaneous distributions 
on combustor central plane. 
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Fig.7 Cross-sectional distributions of 

instantaneous temperature perpendicular to flow 
direction. 

 

 
Fig.8 Time-averaged exit temperature 

distributions (left: experiment, right: LES). 
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The Effect of Flow Passage Geometry on Opposed Impinging Jet Mixing
Mixing Performance

*Takahisa NAGAQO(IHI), Shinsuke MATSUNO(IHI) and A. Koichi HAYASHI(Aoyama Gakuin Univ.)

ABSTRACT
In order to evaluate a mixing of fuel with dilution air in jet engine, unsteady turbulent flow analysis is 

performed in a simplified combustor. The flow channel consists of the opposed jets and cross-flow, which are 
normal to each other. A mixing performance and mixing behavior are studied using parameters, S/D and H/D. As 
a result, we find that mixing performance is estimated by the parameter C=S/H*sqrt(J) when H/D=5 or less and 
becomes well when C is large. When H/D is larger than 5, say 7.5 and 10, there exist the conditions where 
mixing performance becomes worse. Because the interaction between two opposed jets occurs downstream the 
potential core, it is considered in this case that mixing performance by opposed jet interaction is weakened. 
When H/D is small, the interaction between two opposed jets occurs in the potential core. It suggested that the 
mixing performance is sensitive by the positional relation with a potential core and collision plane of two jets. 
Key words: Jet engine, Combustor, Opposed jets, mixing, LES
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Fig.1  Schematics of RQL gas turbine combustor 
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Fig.2  Geometric parameters of earlier and present study 
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Fig.3 Outline of flow passage configuration 

Table 1 Configurations and conditions of calculated 
cases 

Type S/D H/D Name J 
A 5.0 5.0 S5-H5 4,9,16,36,64 
B 5.0 3.75 S5-H3.75 4,9,16,36 
C 5.0 7.5 S5-H7.5 4,9,16,36 
D 5.0 10.0 S5-H10 9,16,36,64 
E 2.5 5.0 S2.5-H5 4,9,16,36 
F 3.75 5.0 S3.75-H5 4,9,16,36 
G 6.25 5.0 S6.25-H5 4,9,16,36 
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Table 2 Numerical methods and mesh conditions 

CFD code OpenFOAM 2.1.0 reactingFOAM 

Equation Incompressible Navier-Stokes 

Fluid Incompressible perfect gas 

Turbulent Smagorinsky LES 

inlet Uniform velocity 

Wall Spalding law 

Cell Unstructured, Hexahedron 

Discretization Blended 2nd order central with 1st 
order upwind 9 1  

Parallelization Region splitting, 100 CPUs 

Number of cell 2.5 - 5 Million 

Min. Δx 0.2mm 

Ave. Δx 2mm 

 
 

Vranos (11)

Unmixedness(Us)
Us  

Us=
Crms

Cavg
=

1
n Ci-Cavg

2n
i=1

wm/ wj+wm
 

 
 

Crms RMS Cavg

Ci wm wj  

Tr  

 
 X Q=Qm+Qj Qm

Qj A  
 

C  
4 C 2 1.5 8

Us C Us

Holdeman
C

C=3.0, 4.0
4(c) (d) H/D 7.5,10
H/D=7.5,10 C=1.5, 

2, 2.5
C

4(a),(b),(c) H/D
 

5 C=2.0

C
C

 
 

 
Us

Tr=0.04 6,7,8
6 J S/D

7 J H/D
8 C

9 S/D  
6 H/D J 9

S/D Us J=16
S/D Us J=36 S/D

9
S/D
J=4

J=16
S/D

J=36

 S/D
J

(5)(6)  
7 S/D J=4 Us

J 9 H/D Us

J H/D
J

 
8 H/D 5 C

C
H/D 7.5 C

 
(4)

C
S/D 2 6.25

2
(5)

S/D=4 J
S/D

 
 
H/D  

10 C=3.0 11 C=1.5
H/D

10(b)

(3) 

(4) 

Download service for the GTSJ  via 153.121.55.14, 2025/02/01. 

                           25 / 273



11
H/D C

Us  
 

0.00

0.10

0.20

0.30

0.40

0.50

0.60

0.00 0.02 0.04 0.06 0.08 0.10

U
nm

ix
ed

ne
ss

 U
s

Residence time Tr, s

J4-S3.75-H5
J9-S5-H10
J9-S2.5-H5

 

Fig. 4(a) Unmixedness distribution at C=1.5 
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Fig. 4(b) Unmixedness distribution at C=2.0 
 

0.00

0.10

0.20

0.30

0.40

0.50

0.60

0 0.02 0.04 0.06 0.08 0.1

U
nm

ix
ed

ne
ss

 U
s

Residence time Tr, s

J9-S5-H5
J16-S3.75-H5
J36-S2.5-H5
J36-S5-H10

 

Fig. 4(c) Unmixedness distribution at C=3.0 
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Fig. 4(d) Unmixedness distribution at C=4.0 
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Fig. 4(e) Unmixedness distribution at C=5.0 
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Fig. 5 Time averaged mole fraction of cross flow on 
C=2.0 (top: XY-plane (Z=0), bottom: YZ-plane (Specific 
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Fig. 6 Effect of S/D on Unmixedness at Tr = 0.04 (H/D = 5) 

 

0.00
0.02
0.04
0.06
0.08
0.10
0.12
0.14

0 2 4 6 8 10

U
s

(T
r=

0.
04

)

H/D

J=4
J=9
J=16
J=36
J=64

 
Fig. 7 Effect of H/D on Unmixedness at Tr = 0.04 (S/D = 5) 
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Fig. 8 Effect of C on Unmixedness at Tr = 0.04 
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Fig. 9 Time averaged mole fraction of cross flow on 
H/D=5.0 (YZ-plane, Tr=6ms) 
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Fig. 10 Time averaged mole fraction of cross flow on 
C=3.0 (top: XY-plane (Z=0), bottom: YZ-plane (Specific Tr)) 
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Fig. 11 Time averaged mole fraction of cross flow on 
C=1.5 (top: XY-plane (Z=0), bottom: YZ-plane (Specific Tr)) 
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【研究報告】
 
高圧力比化が予混合 2段燃焼器の燃焼特性に及ぼす影響 

 
＊山本 武，下平 一雄，黒澤 要治，吉田 征二（宇宙航空研究開発機構） 

 
Influence of Overall Pressure Ratio Increase on Combustion Characteristics of 

Lean Axially Staged Combustor 
 

*Takeshi YAMAMOTO, Kazuo SHIMODAIRA, Yoji KUROSAWA and Seiji YOSHIDA 
(Japan Aerospace Exploration Agency) 

 
ABSTRACT 

JAXA started research and development of advanced technologies to reduce CO2 and NOx emissions and 
noise from aircraft engines in 2013. The program is named “Green Engine.” NOx target of the program is a 75% 
reduction over the NOx threshold of the sixth Committee on Aviation Environmental Protection (CAEP/6) of the 
International Civil Aviation Organization (ICAO). Overall pressure ratio of the target engine is 35.0. Maximum 
thrust is 89kN. Bypath ratio is 13. Verification of low emissions, stable operation, ignition, and so on by core 
engine test is planned. As a first step, high pressure combustion tests of the lean axially staged combustor, which 
was developed in TechCLEAN program, are conducted under combustor conditions of Green Engine landing 
and take-off cycle. From the test result, it was found that, all NOx emission indexes of Green engine condition 
are bigger than those of TechCLEAN, but most emission indexes of HC and CO are smaller. Total emissions of 
NOx, HC, and CO in landing and take-off cycle of Green engine are smaller than TechCLEAN and much 
smaller than ICAO standards. 
Key words: Green Engine, Aircraft engine, Lean axially staged combustor, NOx, HC, CO, Smoke 
 

１．はじめに 
航空機から排出された NOx（窒素酸化物）は空
港周辺の大気汚染の原因となる他，航空機が巡航
する対流圏上層では，温室効果を持つオゾンの濃
度を増加させ，気候に影響を及ぼすとされている
1)。また，燃料消費量の削減や温室効果ガスである
二酸化炭素の削減のために，エンジンの高圧力比
化が進んでおり，これが NOxの排出量を増加させ
る傾向にあること，航空輸送量が今後も増加する
ことが予想されることから，NOx 排出を大幅に低
減する技術が望まれている。 
国際民間航空機関 ICAO (International Civil 

Aviation Organization)の航空環境保全委員会 CAEP 
(Committee on Aviation Environmental Protection) は，
航空機の NOx 排出基準を Fig.1 に示すように数年
毎に強化している。ICAOは 2014年 1月に CAEP/6
の NOx 基準からさらに 15%（圧力比 30 の場合）
引き下げた CAEP/8 を実施しているともに，Fig.2
に示す中期目標（2016 年に CAEP/6 の 55±2.5%）
および長期目標（2026年に CAEP/6の 40±5%）を
設定している。Fig.1 中の●で示された点は ICAO 

Aircraft Engine Emissions Databank2)として公開され
ている実機エンジンの計測データを示しており，
その時の基準値の 50%～90%に分布している。これ
らのエンジンに用いられている燃焼器は，米国ゼ
ネラル・エレクトリック社の GEnxを除き，拡散燃
焼またはRQL (Rich-burn / Quick-quench / Lean-burn) 
燃焼方式を用いている。 
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航空機エンジンメーカー各社は，将来の厳しい
規制に対応すべく，競って技術開発に取り組んで
いる。米国プラット・アンド・ホイットニー社は
RQL 燃焼方式の性能を高めた TARON X 燃焼器 3)

を開発し，GTF（Geared turbofan）による燃費削減
効果と合わせて，PW1000G 系エンジンで NOx を
CAEP/6の 50%まで低減している。ゼネラル・エレ
クトリック社は希薄予混合燃焼を用いる TAPS 燃
焼器 4)を開発し，新型エンジン GEnx に適用した。
希薄予混合燃焼器の航空機用エンジンへの適用は
初めてであり，大幅な NOx排出低減に成功した。
GEnx-1B54では NOx排出を CAEP/6基準値の 30%
まで低減している。Fig.1 を見ると GEnx エンジン
の NOx排出が他のエンジンと比較して大幅に少な
いことが分かる。ロールス・ロイス社も希薄予混
合燃焼を用いた燃焼器開発 5)を実施しており，
ACARE (Advisory Council for Aeronautics Research in 
Europe) の目標（2020年に CAEP/6の 40%）を目指
し研究開発を進めている。NASA は， ERA
（Environmentally Responsible Aviation）プロジェク
ト 6)において，燃料ミキサを多数配置することによ
り燃焼ガス温度を一様化する Lean Direct 
Multi-Injection7)等により，2020 年までに NOx を
CAEP/6の25%に低減することを目標に研究開発を
進めている。 
日本では，新エネルギー・産業技術総合開発機
構（NEDO）の「環境適応型小型航空機用エンジン
研究開発 8)（通称：エコエンジン）」が 2003年度か
ら 2011 年度にかけて実施され，その一環として
（株）IHI，川崎重工業（株），三菱重工業（株）が
それぞれ異なる燃焼方式の低 NOx燃焼器の開発を
実施した。NOx 排出の低減目標を CAEP/4 基準の
50%とし，実用化を視野に入れた研究開発を実施し
た。JAXAは各社との共同研究で燃焼器開発に参加
するとともに，試験技術や計測器の開発，高圧燃
焼試験による各社の燃焼器の評価を実施した。  

JAXAでは，エコエンジンの共同研究と並行して，
平成 2003年 10月から 2012年度末まで「クリーン
エンジン技術の研究開発」（以下，クリーン）を実
施し，その一環として低 NOx燃焼技術の研究開発
を行った 9)。目標は CAEP/4 NOx基準の 80%減とし
た。予混合 2 段燃焼器を開発し，マルチセクタ燃
焼器形態で CAEP/4の 82.2%減を実証した 10)。2013
年度からは「グリーンエンジン技術の研究開発」
（以下，グリーン）を実施している。CAEP/6 NOx
基準の 75%減をコアエンジン試験で実証すること
を目標としている。想定するフルエンジンのバイ
パス比は 13，最大推力は 89kN，全体圧力比は 35.0

である。クリーンで開発した予混合 2 段燃焼器を
元に，燃焼器出口温度の高温化に対応する低 NOx
技術の開発とエンジンの全運転範囲で安定した燃
焼を実現するべく，研究開発を進めている。本講
演では，研究開発の最初の段階として，予混合 2
段シングルセクタ燃焼器をグリーンの離着陸サイ
クル条件で試験して得た排気特性をクリーン条件
のものと比較し，高圧力比化が排気特性に及ぼす
影響について調査を行ったので報告する。 
 
２．ICAOエンジン排気データからの考察 

ICAO の NOx の排出基準は，離着陸時に排出さ
れる定格推力1 kN当りのNOx グラム数（Dp/Foo，
g/kN）に適用される。Fig.2は ICAO Aircraft Engine 
Emissions Databank に記載されているエンジンの
Dp/Foo を横軸にエンジンの全体圧力比を取って示
したものである。△は Trent 1000，◇は GEnxのデ
ータである。共に圧力が高くなるにしたがって増
加し，傾きはそれぞれ 2.19，2.28 であり，その他
のエンジンも同様の傾向にある。クリーンのマル
チセクタでの実証値 12.6 から傾き 2.28 で圧力比
35.0の値を計算すると 33.5となり，CAEP/6基準値
の 48.6%となる。このことから，グリーン目標を満
たすためにはグリーン条件に合わせた調整や改良
が必要であることが明らかである。 
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Fig.2  Dependence of NOx Emissions on Overall 

Pressure Ratio 
 
３．目標エンジンの燃焼器試験条件 

Table 1にクリーンの離着陸サイクル燃焼器試験
条件，Table 2に現在試験に使用しているグリーン
の燃焼器条件を示す。両表最上段の数値は地上静
止運転での最大推力を 100%として示している。両
表に示されている燃料流量は 1 セクタ当りの燃料
流量である。高圧力比化のためグリーンはクリー
ンより燃焼器入口圧力，空気温度共に高くなって
いるのに加え，燃焼器の全体空燃比も小さくなっ
ており，燃焼器出口温度が高くなっている（100%
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推力条件で 1707K）。クリーンでは環状燃焼器を 10
のセクタにより構成したが，第 2章の考察を基に，
グリーンでは 12.3 セクタとして燃料ミキサの空燃
比（Air-Fuel Ratio，以下，AFR）をクリーン程度に
高めることとした。この調整のために必要となる
空気は，ライナ冷却空気を 38%削減することによ
り得ることが可能である。グリーンでは燃焼器ラ
イナへの CMC適用技術も開発を行っている。 

Table 3 はクリーンおよびグリーンに対する
CAEP/6の基準値と NOx目標値を示す。NOxの基
準値は最大推力が小さいエンジンで大きくなって
いるため，クリーンとグリーンでほぼ同じである。
スモークナンバ（以下，SN）の基準値は推力の大
きいエンジンで厳しくなっているため，グリーン
の方が小さい。 

Table 1  Combustor Conditions of LTO Cycle of 
TechCLEAN Target Engine 

Condition Unit 7% 30% 85% 100%

Pressure kPa 487 1077 2266 2619

Temperature K 503 609 756 787

Fuel flow rate g/s 4.24 10.33 30.27 36.91

Air/fuel ratio - 93.2 76.5 47.0 42.9

Table 2  Combustor Conditions of LTO Cycle of 
Green Engine 

Condition Unit 7% 30% 85% 100%

Pressure kPa 548 1348 3070 3528

Temperature K 524 644 804 837

Fuel flow rate g/s 4.36 12.34 38.88 47.75

Air/fuel ratio - 84.67 66.78 41.43 37.65

Table 3  CAEP/6 Standards and NOx Targets 

Condition NOx HC CO SN NOx target

Unit g/kN g/kN g/kN - g/kN 

Clean 69.0 19.6 118.0 30.4 13.8 

Green 68.9 19.6 118.0 24.4 17.2 

 

４．予混合 2段燃焼器 
Fig.3はクリーンで開発した予混合 2段シングル
セクタ燃焼器の代表断面図である。燃焼室の高さ，
奥行きは共に 85mm，燃料ノズル下流端から燃焼器
出口までは 172mmである。燃焼器は 2つの燃料ノ
ズル，希薄予混合燃料ノズル（Lean staged fuel nozzle，

以下，LSF）とエミッション制御ノズル（Emission 
control fuel nozzle，以下，ECF）を持つ。 

Fig.4は LSFの断面図である。LSFはパイロット
燃料ミキサを中心にその周りにメイン燃料ミキサ
を配置している。パイロットミキサは液膜式気流
微粒化噴射弁を採用し，メイン空気による消炎を
軽減するため，窪みにパイロット火炎を形成する。
パイロットフレア部に設けた後方ステップに形成
される渦は燃料噴霧がフレア部に付着するのを防
止する。メインミキサには，安定燃焼のための十
分な旋回を維持したまま，燃料微粒化と空気との
混合を促進する強い乱れを作るため，2番目のスワ
ーラのみが逆の旋回角を持つ 3 重のスワーラを使
用しており，2重のせん断層が形成される。燃料は
半径方向内側の壁に設けられた燃料噴射孔から内
側スワーラと 2 番目のスワーラの間に設けられた
液膜形成体に噴射され，そこで周方向に広がった
後，液膜形成体下流端でせん断流中に放出される。
一方，ECF はパイロット同様に液膜式気流微粒化
噴射弁であり，再循環流を形成しないように小旋
回角度のスワーラを組み合わせ，パイロット再循
環領域下流に予混合気を導入するように設計され
ている。 
 

 

Fig.3  Cross Section of Lean Axially Staged 
Single-Sector Combustor 
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Fig.4  Cross Section of LSF 

Fig.5 に想定する燃料スケジュールの概略図を示
す。25～50%推力条件では，燃料をパイロットミキ
サ，ECF の両方から噴射することにより，パイロ
ット火炎の AFRを高めてスモーク濃度を低減する。
85%を超える推力条件では，メイン燃料の一部を
ECF から噴射し，ECF の空気を用いて燃焼させる
ことにより，メインミキサ予混合気の AFRを高め
て燃焼温度を下げ，NOxの発生を抑制する。 

 

Fig.5  Schematic of Fuel Scheduling 
 
５．燃焼試験 
5.1 試験装置および計測装置 
予混合2段シングルセクタ燃焼器の試験は JAXA
高温高圧燃焼試験設備を用いて行った。試験条件
はクリーンおよびグリーンの燃焼器条件とした。
空気流量は燃焼器全圧損失係数が 4.0%となるよう
に調整した。排ガスは燃焼器出口下流に出口長手
方向に置かれた棒状のサンプリングプローブ（吸
引孔は等間隔 9 点）により採取し，HORIBA 
MEXA-7100Dにより CO, CO2, HC, NOx, O2の濃度
を得た。スモークナンバ（以下，SN）は JAXAで
ICAO 規定に準拠して開発した排煙濃度計 11)で計
測した。 

4.2 7%，30%推力条件での試験の結果 
Fig.6 はクリーンとグリーンの 7%および 30%推
力の圧力・空気温度条件でパイロットのみから燃
料を噴射した時の NOx排出指数（EINOx）を，横
軸にパイロット AFRと取って示している。ただし，
グリーン条件においても燃焼器の全圧損失係数は
全ての条件で 4.0%とした。全ての条件で EINOxは
量論値 14.7より若干低いAFRで最大となっており，
AFRに対する傾向も類似している。はそれぞれの
条件での規定の AFRを示しており，リッチ側かつ
EINOx が小さくなるようにパイロットの空気流量
を設定している。 

 

Fig.6  EINOx under Low Engine Thrust Conditions 
with Pilot Fuel Injection 

Fig.7は各条件の規定のAFRにおける EINOxを，
横軸に燃焼器入口温度を取って示したものである。
入口空気温度が高まるにしたがって EINOxが単調
に増加している。このことからパイロットだけを
用いる条件では，エンジンの全体圧力比を変えて
も EINOxが予測可能であることが分った。 
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Fig.7  EINOx under Low Engine Thrust Conditions 
with Pilot Fuel Injection 
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Table 3 は 7%推力条件における排出物の計測値
を示している。グリーンでは HC，CO の排出指数
が小さくなっており、燃焼効率が 0.1%高くなって
いる。スモークは計測限界以下である。 

Table 4は 30%推力条件における排出物の計測値
を示している。グリーンは COが少なく燃焼効率が
わずかに高い。SNは同等である。 
グリーンの 30%推力条件において，十分な燃焼
効率を得るためには ECFの燃料割合を 65%程度と
する必要があるが，ECF の燃料割合が 40%を超え
ると燃焼振動が生じ，燃焼効率を高めることがで
きなかった。全体圧力比の変更により，燃焼振動
が生じていなかった推力条件において新たに生じ
る可能性があることが分かった。 

Table 3  Emission Data under 7% MTO Condition 

 EINOx EIHC EICO CE SN
Unit g/kg g/kg g/kg % - 

Clean 3.97 0.75 24.51 99.35 0.00
Green 4.76 0.51 20.97 99.45 1.17

Table 4  Emission Data under 30% MTO Condition 

 EINOx EIHC EICO CE SN
Unit g/kg g/kg g/kg % - 

Clean 7.14 0.14 6.45 99.83 12.52
Green 8.88 0.15 3.83 99.89 12.92

5.2 85%推力条件での試験の結果 
85%推力条件では燃焼効率を高く保つために，パ
イロットとメインのみを用いることが必要である。
Table 5にクリーンとグリーンの 85%推力条件での
燃焼試験の結果を示す。クリーン条件ではパイロ
ットの燃料割合が 10%のとき，低い EINOxと高い
燃焼効率を得た。グリーン条件で同じパイロット
燃料割合とすると EINOxが 3.22と高くなった。パ
イロット，メイン共に若干濃くなっていること，
燃焼器入口温度が 48K 高くなっていることが原因
と考えられる。パイロットは拡散燃焼に近いため
EINOx の値が大きいことが分かっている。パイロ
ット燃料割合を小さくすると，EINOx は下がるが
燃焼効率（CE）も下がる傾向にある。高圧力比に
よって 85%推力条件の EINOxが増加することが分
かった。 
5.3 100%推力条件での試験の結果 
クリーンとグリーンの 100%推力条件での燃焼試
験の結果を Table 6に示す。本条件ではメインミキ
サの AFRを小さくすると燃焼振動が発生すること

が分かった。そのため，メインの燃料割合を 5.5%
下げ，パイロットと ECFをそれぞれ 1.9%，3.6%上
げて計測を行った。その結果，EINOx は約 2 倍に
増加した。 

Fig.7 はクリーンの 100%推力入口空気温度条件
において，燃焼器入口圧力を 1960，2266，2619kPa，
燃焼器全体空燃比を 41~51 まで変えて計測した
EINOx の値を示している。燃焼効率は全ての条件
で 99.6%以上である。燃料配分はクリーンの 100%
推力条件のものと同じである。図より EINOxは燃
焼器の全体空燃比が小さくなるに従い，指数関数
的に増加するが，圧力の影響はないことが分かる。 

Table 5  Fuel Splits and Emission Indexes under  
85 % Thrust Conditions 

 Fuel split AFR EINOx EIHC EICO CE
Unit % - g/kg g/kg g/kg %

Clean
P:10.1 

E:0 
M:89.9

P:50.0
E:inf.

M:21.6
1.89 0.00 2.17 99.95

Green
P:10.1 
E: 0 

M:89.9

P:49.2
E:inf.

M:21.3
3.22 0.03 0.62 99.98

Table 6  Fuel Splits and Emission Indexes under 
100 % Thrust Conditions 

 Fuel split AFR EINOx EIHC EICO CE
Unit % - g/kg g/kg g/kg % 

Clean
P:7.3 

E:14.9
M:77.8

P:63.9
E:26.5
M:23.0

1.00 0.00 1.18 99.97

Green
P:9.2 

E:18.5
M:72.3

P:49.7
E:31.4
M:24.2

2.06 0.01 0.11 99.99
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Fig.7  Dependence of EINOx on Inlet Pressure and 

Overall AFR of Combustor 
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5.4 試験結果の ICAO排出基準との比較 
試験結果から求めた離着陸サイクルの排出総量
の CAEP/6基準に対する割合を Table 7に示す。グ
リーンの EINOxは全ての条件で増加しているもの
の，圧力比の上昇による基準値の増加のため，グ
リーンの NOx排出は基準に対する割合ではクリー
ンより若干小さくなった。HC と CO の排出量
Dp/Foo については全てのエンジンで同じ基準が適
用されるが、グリーンの燃焼器入口空気温度がク
リーンより高温であることによって排出量が減っ
たため，基準値に対する割合は HC，CO 共に低く
なっている。30%推力条件におけるグリーンの SN
はクリーンより高くなっている。 

Table 7  Total Emissions of the Lean Axially Staged 
Combustor in Green Engine LTO Cycle       

Relative to CAEP/6 Standards   

 NOx HC CO Max. SN 

Unit % % % % 

Clean 19.2 6.8 40.0 41.1 (30%MTO)

Green 15.9 2.9 18.4 52.9 (30%MTO)

 
６．まとめ 
クリーンで開発した予混合 2 段シングルセクタ
燃焼器の排気特性をグリーン条件での燃焼試験で
評価し，クリーン条件と比較することにより，以
下の結論を得た。 
・7%，30%推力条件においてパイロットミキサの
みを使用した場合，EINOx は燃焼器入口空気温度
および圧力が増加するに従って単調に増加し，
EIHC，EICOは減少する。 
・30%推力条件における SNはクリーンと同等であ
るが，基準値に対する割合は大きくなる。 
・グリーンの 30%推力条件において ECFの燃料割
合が 40%を超えると燃焼振動が発生した。圧力比
の変更により，同じ推力%条件，燃料配分でも新た
に燃焼振動が生じる可能性がある。 
・グリーンの 85%推力条件における EINOxはクリ
ーンより高くなる。 
・グリーンの 100%推力条件において燃焼振動が発
生し，クリーンと同燃料割合での運転ができない。
EINOxはクリーンより高くなった。 
・グリーンの離着陸サイクル条件での総排出量は
全て目標値を満足した。COは大幅に低減されてい
る。スモーク濃度は基準値の 52.9%であり，削減す
ることが望ましい。 

今後は，燃焼振動の抑制，スモーク濃度の低減
を行いながら，エンジンの全運転条件における安
定燃焼のための燃料制御技術の開発，着火性能の
向上を行い，コアエンジンでの実証試験を目指し
て研究開発を進める。 
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Combustion Characteristics of LPP Combustor with Air Split Control
by Fluidic Diverter

*Seiji YOSHIDA, Takeshi YAMAMOTO, Kazuo SHIMODAIRA and Yoji KUROSAWA(JAXA)

ABSTRACT
Air flow split ratio between pilot fuel nozzle and main fuel nozzle in a lean-staged fuel nozzle was varied by a

fluidic diverter to improve its combustion performance. Fluidic diverter is one of fluidic device, which have no

moving part in main flow path. Combustion test of a single sector combustor which has a lean-staged fuel nozzle

with fluidic diverter was performed under high-pressure and high-temperature condition which simulates a sea level

static operating condition from 7% to 100% of maximum take-off thrust of a 5 tons thrust class jet engine. Air flow

rate of the pilot burner and the main burner were calculated from wall pressures in the fuel nozzle. The results

showed that the ratio of the maximum and minimum pilot air flow was 1.4:1. The result of exhaust gas analysis

showed that the combustion efficiency was improved while NOx emission didn’t increase.

Key words: Aero engine, Combustor, Air flow control, fluidic device
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Fig.1: Concept of Fluidically Controlled Burner

Fig.2: Lean-staged fuel nozzle with fluidic diverter
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Fig.2
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Table1: Effective open area

[mm2]
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(m4) 25.7
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Fig.3: Variation of pilot air flow ratio
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Fig.6: Emission index of NOx
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Fig.9: Emission index of NOx on 100%MTO
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Table 2 LTO
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NOx
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3
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Table2: LTO total emissions

NOx HC CO

Pilot

mode

EI[g/kg] 7%MTO 4.3 1.1 16.1

30%MTO 9.4 0.1 4.5

85%MTO 5.5 0.6 56.1

100%MTO 2.9 0.2 6.4

Dp/Foo[g/kN] 19.5 2.6 87.7

vs. CAEP4[%] 27.6 13.1 74.3

Main

mode

EI[g/kg] 7%MTO 4.1 8.6 35.5

30%MTO 9.0 0.3 7.7

85%MTO 5.2 0.3 26.8

100%MTO 3.5 0.1 15.6

Dp/Foo[g/kN] 18.9 14.6 95.7
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vs. CAEP4[%] 26.8 12.0 51.2
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Effect of Droplet Coalescence and Breakup in Duct

of Inlet Fogging Cooling System
*Nobuyoshi TSUZUKI, Motoaki UTAMURA(Tokyo TECH),

Chihiro MYOREN and Takanori SHIBATA(MHPS)

ABSTRACT
Effect of coalescence and breakup on droplets of Inlet Fogging Cooling system was studied numerically using 

CFD-code, FLUENT. Coalescence and breakup of droplets may affect the diameter of the droplets, and the
diameter of the droplets affects evaporating behavior which causes the cooling. Many simulation calculations 
were executed for this evaporation cooling, however, investigation for this droplet coalescence and breakup with 
a real model has not been done enough. In this study, simulation calculation with a real model of Inlet Fogging 
Cooling apparatus considering the coalescence and breakup effect were examined, and those results were 
compared with numerical results without coalescence or breakup, and experimental results about the amount of 
drainage water. From the result, the amount of drainage was overestimated by numerical results with the effect 
of coalescence and breakup, and underestimated by those without the effect. Another optimized calculation 
model for coalescence and breakup will be required for accurate calculations. 
Key words: Inlet fogging cooling, Numerical analysis, CFD, Droplet, Coalescence, Breakup
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Fig. 1.  Schematic figure of the calculation 

configuration. 
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3.1

 
Fig. 2 (a)

(b)

Fig. 2

Fig. 3  

 
(a) without coalescence/breakup 

 

 
(b) with coalescence/breakup 

 

Fig. 2.  Streamlines of the droplets. The color means 
velocity magnitude of the droplets. 

 
 

 
(a) without coalescence/breakup 

 

 
(b) with coalescence/breakup 

 

Fig. 3.  Streamlines of the droplets with their flow 
time. The color indicates the flow time. 
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(a) without coalescence/breakup 

  

 
(b) with coalescence/breakup 

 

Fig. 4.  Contour plots of temperature at the outlet. 
  

  

Fig. 2 (a)
(b)

 
Fig. 4

Fig. 4 (b)
(a)

1 K

 
 
 
Table 1.  Summary of the experimental and numerical 
results. 

 Experiment
al 

Numerical 
without c/b 

Numerical 
with c/b 

Drainage 
ratio 27.1% 13.5% 52.0% 

Temperature 
decrease at 
the outlet 

4.1 [K]* 4.13 [K] 3.25 [K] 

Absolute 
humidity at 
the outlet 

0.0086 
[kg/kgDA]* 

0.0088 
[kg/kgDA] 

0.0083 
[kg/kgDA] 

Sauter mean 
diameter at 
the outlet 

14.0 [μm] * 14.3 [μm] 30.9 [μm] 

*: Trace data by one-dimensional analysis 

without c/b
with c/b

Table 1

 
3.2

Sauter (D32)

Fig. 5
Table 2  

 

Injection nozzles

(A) (B) (C)

(D)

(E)
outlet

Trash
screen

 
Fig. 5.  Position of cross-sectional planes. 

 
Table 2.  Summary of the mass flow rate (md) and 
Sauter mean diameter (D32) of the droplets at each 
cross-sectional plane (A)-(E). 

 Without c/b with c/b 

 md  
[kg/s] 

D32 
[μm] 

md 
[kg/s] 

D32 
[μm] 

(A) 2.045 14.72 2.092 20.65 
(B) 1.955 14.51 1.841 24.78 
(C) 1.881 14.48 1.833 31.25 
(D) 1.792 14.38 1.674 36.56 
(E) 1.561 14.25 0.595 30.88 
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Effect of Flow Control Device for Gas Turbine Vane Film Cooling

*Hirokazu KAWABATA and Ken-ichi FUNAZAKI (Iwate University)
Hisato TAGAWA and Yasuhiro HORIUCHI (Mitsubishi Hitachi Power Systems, Ltd.)

ABSTRACT
This study deals with the studies of the effect of flow control device (FCD) on a turbine vane film cooling. 

Aiming for improving film effectiveness, two semi-elliptical FCDs per a pitch were attached obliquely upstream of the 
cooling hole of the pressure and suction sides of the vane. In this study, the effects height of FCD was investigated. As 
a result, the film effectiveness became significantly higher than that without DFCD condition. Moreover, the 
improvement in the film effectiveness by FCD was observed by both of the pressure and suction sides of the turbine 
vane. In the suction side, the effect of the height of FCD was more distinct compared with the pressure side.

Key words: Turbine, Control, Film cooling, Heat transfer
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Fig. 1 Flow model of FCD and Film effectiveness distribution 
for flat plate film cooling
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Fig. 2 Experimental facility 

 
Fig. 3 Cross-section of the test vane 

 

Fig. 4 Computational domain 
 

Table 1 Test vane details 
Inlet flow angle 50deg 
Outlet flow angle 70deg 
Chord 129.5 mm 
Axial chord (Cax) 62.3 mm 
Pitch 115.9 mm 
Span 117.7 mm 

 
Table 2 Geometric specification for film cooling holes 

Row name Position (x/Cax) L 
PS1 0.34 2.0d 
PS2 0.80 3.3d 
SS1 0.15 1.3d 
SS2 0.62 1.5d 
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Table 3 Blowing ratio of test conditions 

IR camera position SS1 SS2 PS1 PS2 
View1 and View2 

(same time) 1.0 1.0 0 0 

View3 0 0 1.0 1.0 
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Fig. 5 Static pressure distribution 
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Fig. 6 Film effectiveness distributions (View 1) 

 

 

 
Fig. 7 Averaged film effectiveness of the direction of Y

Fig. 8 View2

SS2 SS2
BR=1.0 lift-off

FCD

SS2

h=0.5d
lift-off

FCD
h=1.0d

FCD
h=0.5d

h
FCD

 
Fig. 9 View2 Y

X/Xmax 0.8
SS2

FCD FCD

FCD

View2 FCD
View1

SS2
FCD

 

 
 

Download service for the GTSJ  via 153.121.55.14, 2025/02/01. 

                           48 / 273



 
 
 

 
 

 
 

 
Fig. 8 Film effectiveness distributions (View 2) 

 
 
 

 
Fig. 9 Averaged film effectiveness of the direction of Y
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Fig. 10 Film effectiveness distributions (View 3) 

 

 
Fig. 11 Averaged film effectiveness of the direction of Y 
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Conjugate Heat Transfer Simulation with Unsteady RANS Simulation 
 

*Takashi YAMANE (JAXA) and Yuhi TANAKA (TUAT, graduated) 
 

ABSTRACT 
The conjugate heat transfer simulation is expected to simulate precise temperature distributions of turbine 

cooling structures and contribute to the reduction of cooling air usage. This method has mainly been used to 
predict steady state temperature because of the large difference of time scales between RANS flow simulation 
and thermal conduction in solid materials, thus the accuracy of temperature estimation depends on the modeling 
of turbulence. Despite many efforts to improve turbulence models, an inherent limitation of RANS and 
turbulence modeling and the necessity of unsteady simulation for better accuracy in heat transfer simulations 
have been pointed out. In this study, the “Time Smoothing” method which enables the coupling of URANS and 
the steady thermal conduction has been applied to the temperature estimation around pin fin array and showed 
some improvements in comparison with experimental data.  
Key words: Compressor, Combustor, Turbine, Control, Maintenance 
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IR

Study of Heat Transfer Transient Measurement Accuracy
Using Infrared Camera and Heater Mesh on Gas Turbine Conditions

* Takaaki HASE, Satoshi MIZUKAMI and Eisaku ITO (MHI)

ABSTRACT
The accuracy of heat transfer coefficient is important for the prediction of heat load of cooled 

turbines as well as for cooling design. In the design process, heat transfer coefficient is mainly 
predicted using empirical equations or test results. One prospective method to measure heat transfer 
coefficient correctly is to use a heater mesh and an infrared (IR) camera (Oldfield, 2008[1], O’Dowd, 
2009[2]). In this study, heat transfer coefficient of flat plate, a cylinder and the 1st vane suction 
surface are measured. By comparing a flat plate and cylinder results with empirical formula the 
measurement precision can be quantified. Then by comparing the 1st vane results with conventional 
steady method result, it was determined that there was enough measurement precision in 
consideration of measurement error. The experimental error and method for higher precision are 
discussed in this paper.

Key words: Heat Transfer, Gas Turbine, Transient Technique.
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Study on Performance Improvement of Tree Blades Gyro-mill Type Wind Turbines 
 

ZHU CHENG(M2 of Takushoku Univ.), Takanori HIRANO, Ichiro FUJIMOTO (Takushoku Univ.) , 
Masaaki HIRAMOTO (former lecturer of Tokyo Univ.) and Yasusuke KAWABATA (Takushoku Univ.) 

 
 ABSTRACT

In order to improve the performance of gyro-mill type wind turbine, numerical analyses by the vortex method has been 

done. The rotating torque of three blades gyro-mill type wind turbine was calculated as a parameter of tip speed ratio 

and also set-up angle of blade. The result shows that there existed an optimum setting angle to tip speed ratio. 

Key words: Gyro-mill type Wind Turbine, Vortex Method, Numerical Analysis 
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Experimental Study of Split Plasma Electrode Effect on 
Flow around 2D Wind Turbine Blade  

*Hisashi MATSUDA, Yuta ONISHI, Fumio OTOMO, Motofumi TANAKA,
Tatsuro UCHIDA, Naohiko SHIMURA and Toshiki OSAKO (Toshiba) 

 
ABSTRACT

Effect of split plasma electrode on leading edge separation flow control for a NREL S825 blade
of 400mm chord length c was studied experimentally. Wind tunnel experiments were carried out 
under chord Reynolds number of Re = Uc  = 4.2×105, where main velocity of U = 15 m/s. With 
changing angle of attack, static pressures around the test blade were measured and lift coefficients 
were obtained. First, optimum duty ratio condition was examined. Second, split plasma electrode 
effect was examined. With changing masked length Lm of the plasma electrode, lift coefficients 
were evaluated for Lm = 0c, 0.2c, 0.4c, 0.6c, 0.8c and1.0c, respectively. It was found that affected
by plasma actuated flow, down stream flow of the masked region was also controlled even Lm =
0.7c case. Possibility of reduction of useful length of the plasma electrode for flow separation 
control was confirmed.

 
Key words: Plasma actuator, Wind tunnel experiment, Separation flow control, Duty ratio, Split electrode
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Flat Plate Experiments for Turbine Tip Clearance Flow Control
Using Ring-type Plasma Actuators

*Takayuki MATSUNUMA, Takehiko SEGAWA (AIST)

ABSTRACT
Innovative “ring-type” dielectric barrier discharge (DBD) plasma actuators have been developed to facilitate 

active control of the tip leakage flow of a turbine rotor. The ring-type plasma actuators consisted of metallic 
wires coated with insulation material, mounted in an insulator embedded in the tip casing wall. In order to 
construct a two-dimensional model of the tip leakage flow, a flat plate was inserted with a certain clearance 
between rectangular test section of a wind tunnel and velocity distributions near the plate tip regions were 
analyzed by particle image velocimetry (PIV). The forcibly-induced tip leakage flow was successfully dissipated 
by means of the plasma actuator flow control at constant input voltage, Vp-p = 12.8 kV, and various input 
frequencies from 8.6 kHz to 16 kHz. The most effective frequency for the reduction of the tip leakage flow was 
14 kHz. The evaluation of power consumption was also carried out. In the flat plate experiments, the power 
consumption for the reduction of 10 m/s tip leakage flow was estimated to 55 Watts.

Key words: Plasma actuator, DBD, Active flow control, Turbine, Tip clearance, Tip leakage flow, frequency
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Fig. 4  Time-averaged velocity distributions near tip clearance exit of flat plate  
at various DBD-PA input frequencies (Vp-p = 12.8 kV) 
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Fig. 9  Power consumption as a function of 
frequency for Vp-p = 12.8 kV 
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Cascade Flutter Analysis of a Transonic Fan  
Using Fluid-Structure Interaction Simulation 

*Atsushi TATEISHI (School of Engineering, Univ. of Tokyo),  
Toshinori WATANABE, Takehiro HIMENO and Chihiro INOUE (Univ. of Tokyo) 

ABSTRACT 
Fully coupled steady fluid-solid interaction (FSI) and flutter simulations were conducted on a NASA Rotor 67 

transonic experimental fan to demonstrate the capability of the simulation for capturing various aeroelastic 
phenomena in turbomachinery. The effect of blade deformation on the aerodynamic performance was 
investigated by steady FSI. Aeroelastic modes were determined using the modal identification technique for the 
vibration of the cascade. The proposed identification method successfully estimated aeroelastic modes with high 
accuracy. Aeroelastic eigenvalues were localized around the structural modes forming “mode family”, and they 
showed almost no change in frequency. The calculated aerodynamic coupling between the structural modes was 
observed to be small. From these results, it was confirmed that the developed FSI method was applicable to the 
analysis of unsteady characteristics of blades in multimode oscillation. 
Key words: Fan, Aeroelasticity, Cascade Flutter, Light-weight structure, Fluid-Structure Interaction 
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Table 1 Design parameters of NASA Rotor 67 

Number of blades 22 

Aspect ratio 1.56 

Hub/Tip ratio at L.E  0.375 

Tip relative Mach. No.  1.38 

Design Total pressure ratio  1.63 

Design mass flow rate 33.25 [kg/s] 

Design rotational speed 16043 [rpm] 

Table 2 Modeling parameters for the blade structure 

Material Titanium 

Density 4500 [kg/m
3
] 

Young modulus 107 [GPa] 

Poisson ratio  0.34 [-] 

Boundary condition fixed at the hub 
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Span 29 

Chord 24 

Thickness 3 

Elements 2,088 

Nodes 11,030 

(a) CFD Grid 

Pitch 40 

Span 44 

Chord 80 

1 Blade 321,376 

11 Blades 3,535,136 

Table 3.Number of cells and elements 
Fig. 2 CFD/FEM Grid 

(a) Passage view 

(b) Half-annulus configuration  

for the flutter simulation 
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Effect of Circumferential Casing Groove on 
Flow Field and Stall Characteristics of Transonic Fan 

*Yasunori SAKUMA, Toshinori WATANABE, Takehiro HIMENO (Univ. of Tokyo), 
Dai KATO, Takeshi MUROOKA, Yukari SHUTO (IHI) 

ABSTRACT 
The effect of single circumferential casing groove on the stability enhancement of transonic axial fan IHI 

FRTM has been examined through CFD analysis. A parametric study was conducted with respect to the axial 
location of the groove. By focusing on the behavior of the leakage flow and the development of near-tip 
blockage region, it was concluded that IHI FRTM may be led to tip initiating stall, and in those kinds of 
transonic fans, the groove configuration which could reduce the reverse axial component of the tip leakage flow 
was more likely to improve the stall margin significantly. The optimal groove location for IHI FRTM was in the 
range between 20% and 40% axial chord widths downstream from the leading edge. This was basically due to 
the reduction of local blade tip loading at the groove location.
Key words: Transonic Fan, Rotating Stall, Stall Inception, Casing Treatment 
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Fig.11 Local work
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IHI  
 

Investigation of increasing of the LP Turbine Airfoil thickness for Aero Engine

*Yasuhiro OKAMURA, Masaaki HAMABE (IHI Corporation) and Ken-ichi Funazaki (Iwate Univ.)

ABSTRACT
This paper shows that an impact of the thickness of Low Pressure Turbine for aero engine on Turbine pressure 

loss. Two airfoils which have different maximum airfoil thickness have been tested. The results show that 
increasing of airfoil thickness cause increasing of velocity on both airfoil surfaces and total pressure loss. The 
boundary layer thickness on suction surface at trailing edge of thicker airfoil is thicker than that of base airfoil,
while the boundary layer thickness of pressure surface at trailing edge of thicker airfoil is thinner than that of 
base airfoil. It was found that increasing of airfoil thickness have an impact on flow field of suction surface more 
than that of pressure surface.
Key words: LP turbine, Separation, Pressure surface, Suction surface, Mixing, Boundary layer
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Numerical Simulation of Liquid Droplet Impingement Erosion 
*Masaya SUZUKI (JAXA) and Makoto YAMAMOTO (Tokyo Univ. of Science) 

 
ABSTRACT 

Blade erosion and pipe wall thinning are one of the most serious problems in power plant operation. The 
analysis of wall damage is a critical issue for the safety and to increase the operation rate of power plants. One 
of the main causes of wall damage of power generation facilities is the liquid droplet impingement (LDI) erosion. 
In this study, we develop a numerical procedure to predict the LDI erosion damage and performance 
deterioration. The simulation is carried out for a compressor cascade using the newly developed solver. The 
results show that erosion depth agree with experimental data and droplet motion is quantitatively valid tendency. 
Key words: Compressor, Erosion, Gas-Liquid Two-Phase Flow, Computational Fluid Dynamics 
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Quantitative Visualization of Flow Field through Supersonic Turbine Cascade by 

Dual-layer PSP/TSP 
*Hideo MORI, Naoto OMURA, Kyohei MAEDA, Takayuki OHBUCHI(Kyushu Univ.), 

Susumu NAKANO, Hideki ONO and Yuta YANASE(Mitsubishi Hitachi Power Systems, Ltd.) 
 

ABSTRACT 
We apply dual-layer PSP/TSP to analysis of pressure distribution and visualization of shockwave structures on 

a sidewall in a supersonic flow passing through a high-reaction-type supersonic turbine cascade.  Accuracy of 
the pressure measurement of the sidewall with non-uniform temperature distribution by the dual-layer PSP/TSP 
is examined by comparing the pressure data obtained by the dual-layer PSP/TSP with those measured by 
pressure taps, showing small error in the pressure distribution on the sidewall measured by the dual-layer 
PSP/TSP.  In addition, the shockwave structures near the sidewall are visualized by the pressure distribution on 
the sidewall obtained by the PSP.  By comparison with the schlieren photograph, it is clarified that there is 
slight difference in shock angles and thickness between them, because the PSP visualizes the shockwave 
structure close to the sidewall while the schlieren photograph visualizes the shock structure in the mainstream. 
Key words: Steam Turbine, Measurement, Pressure Sensitive Paint, Shockwave 
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Study on Blade Vibration of Radial Compressor 
Experimental Evaluation of Crack Detection by NSMS  

* Naoto SHIMOHARA(IHI), Shota MURAE(IHI) and Hiroaki HATTORI(IHI) 
 

ABSTRACT 
Experimental studies were performed to investigate the potentiality of Non-Intrusive stress measurement 

system (NSMS) for crack detection in radial compressors. Changing trends of vibration response characteristics 
such as resonant frequency and displacement with the crack growth were evaluated from the data obtained by 
NSMS and compared with the results of a forced response analysis(FRA) by using FE model simulations of 
various crack conditions. Changing trends of vibration response characteristics measured by NSMS were found 
to conform nearly to the results of FRA, especially in the case of simulation for incipient crack condition and 
defect condition. It was demonstrated that NSMS has a potentiality of crack detection in radial compressors. 

Back-to-back evaluation was performed for the measured data of vibratory displacement (NSMS) and strain 
(SG) for the same blade. Differences between the stresses converted from each measurement data (NSMS and 
SG) was below 12% and was considered to be acceptable level for the practical use.   
Key words: Compressor, NSMS, Crack detection, Health monitoring 
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< Normal condition Measurement data1  > 
 Res.4&5 Freq.TN 0.1~0.3%  
 Amp.EXP 1.1 1.8  

 
< Measurement data1 2  > 

 Res.4&5 Freq.TN 0.1%  
 Res.5 Amp.EXP 0.75 Amp.EXP

(Res.4=Res.5)  
 

< Measurement data2 3  > 
 Res.4&5 Freq.TN 0.8 1.9%  
 Res.4&5 Amp.EXP 0.2~0.6  
 Freq.TN=0.72

(Res.6)  
 

Normal condition Measurement data1
(Res.4,5) Incipient crack model(Res.1,2)

Measurement data1

Measurement data2 3 (

=Res.6)
FE Defect model

Measurement data3
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1,300  

 

 
 

Evaluation of long-term degradation of 1,300 -class gas turbine blades 
for power generation

Akihiro ITO (Chubu Electric Power Co., Inc.) 

ABSTRACT
It is important to examine how long-term operation affects mechanical properties of blade materials to 

maintain the integrity of gas turbines. The present blades in the 1,300 -class gas turbines for power generation 
are consisted of thin structures made from Ni-based superalloys. Therefore, it could be difficult to evaluate
mechanical properties using standard testing methods by normal sized specimens. To evaluate the degree of 
long-term degradation of the serviced blades, miniature sized specimens were prepared for destructive 
inspections. The results showed that degradation due to the long-term operation of the investigated blades was 
insignificant and thus a possibility of continued operation was confirmed. 
Key words: Gas turbine, Blade, Degradation, Destructive inspection, Mechanical property, Miniature testing 
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Table 1 Chemical composition of the blade. (wt.%) 

Ni Cr  Co  Ta W Al  Ti  Mo C 

Bal. 13.3 10.0 4.8 4.6 4.0 2.4 1.7 0.08 

 
 
 
 
 
 
Fig.1 Specimen shape of low-cycle fatigue tests (mm) 

 A-23 
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Fig.2 Optical micrographs on cross section of TBC 
at 50% height of the airfoil near leading edge 

(a) Mid position        (b) Near surface 
Fig.3 SEM micrographs on cross section of substrate 

at 50% height of the airfoil suction side 

Fig.4 Creep rupture life of the blade 

Fig.5 Low-cycle fatigue life of the blade
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Microstructure of γ’ Precipitates in the Tip Part of a First Stage High Pressure 
Turbine Blade of a Single Crystal Ni-based Superalloy after Service and 

Following Aging 
*Nobuhiro MIURA(NDA), Shiho YAMAMOTO(Tohoku Univ.) and Yoshihiro KONDO(NDA) 

 
ABSTRACT 

The morphology of γ’ precipitates of a nickel-based superalloy serviced in the middle part of a 1st HPT blade 
of a jet engine was investigated before and after aging to estimate the temperature and the stress distribution, and 
the stress directions in service. After serviced blade, most of the γ’ precipitates remained cuboidal in shape at the 
internal cooling channel side. However, rafted γ/γ’ structures formed as the parallel to (010) at the vicinity of 
coating layer of the pressure side. After simple aging, the rafted γ/γ’ structures appeared in the direction parallel 
to the blade surface at all portions of the leading edge, while at the internal cooling channel side of the all 
portions, the γ’ precipitates were coarsened. Consequently, very complicated stresss is load on the blade in 
service, and the stress direction and stress distribution are different by the part and portions. 
Key words: 1st High pressure turbine blade, Rafted γ/γ’ structure, Single crystal Ni-based Superalloy, 
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ABSTRACT

 This method could successfully identify the delamination by detecting 
the peak temperature and observing the thermal wake on the topcoat surface. However, the wake 
could not be observed depending on the test conditions. Therefore, the selection method for the 
appropriate test conditions to get the distinct thermal wake has been developed using the one 
dimensional unsteady heat conduction analysis which simulates the nondestructive testing 
method. In this method, numerical analysis is simplified to one dimension with the heating time 
which is calculated by the laser beam diameter and the laser beam moving rate. This selection 
method was applied to some topcoat thicknesses and derived the appropriate test condition for 
each topcoat thickness. 
Key words
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Development of Heat Resistant Superalloy for High Efficiency Gas Turbine blade

* Hidetaka OGUMA, Masaki TANEIKE, Ikuo OKADA (MHI)
Hiroshi HARADA, Tadaharu YOKOKAWA (NIMS)

ABSTRACT
In collaboration research between NIMS and MHI, Ni base single crystal alloy which have fine material 

properties and is expected to be used for 1700 deg-C class gas turbine have been developed. In this project, 
research and development for directional solidifying technology and estimation of long term material stability is
now in practice as advanced research leading to mass production technology development. For practical 
application of candidate alloy, fine material property even in large size turbine blade castings. 
Thermo-mechanical fatigue property of large scale castings with heat treatment in mass-production furnace was 
evaluated. Meanwhile material properties of single crystal alloy are severely affected by crystal defects.
Development of casting technique including defect predicting technology was also carried out, and it was 
confirmed that the analysis result have good agreement with experiments in cylindrical shape casting test.  
Key words: Superalloy, Turbine, Single crystal, Crystal orientation, Thermo-mechanical fatigue
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Development of Advanced Thermal Barrier Coating

for High Efficiency Gas Turbine

*Taiji TORIGOE Yoshifumi OKAJIMA Masahiko MEGA Ikuo OKADA MHI
Junichiro MASADA Keizo TSUKAGOSHI MHPS

ABSTRACT
Turbine inlet temperature has been increasing for the demand of higher thermal efficiency of combined cycle 

gas turbines. Currently, MHI has been actively participated in the Japanese national project which targets 62% 
combined cycle thermal efficiency through the development of 1,700 °C class gas turbine. Parts of the 
component technologies developed in the national project are applicable to 1,600 °C class gas turbine. In 
particular, thermal barrier coatings (TBCs) are one of the most essential technologies to achieve the target. So, 
development of the advanced TBC materials with high durability and reliability is now ongoing. In this paper, 
the TBC development situation and verification utilizing the MHI's actual power plant are discussed.  
Key words: Thermal Barrier Coating , Thermal conductivity, Durability
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 K.Tsukagoshi,et.al, ”Development of 1700degC Class 
Gas Turbine Technology”, Mitsubishi Technical Review, 
Vol.44, No.1(2007)

 E.Ito,et.al, ”Development of Key Technologies for the 
Next Generation Gas Turbine”, ASME Turbo EXPO 
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J-Type Technology”, Mitsubishi Heavy Industries 
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Inconel718  

 

 

Development of Fine Grain Inconel 718
by δ process

*Tomohiro NISHIMAKI(TMU), Koji KAKEHI(TMU) and Yusuke KAWAKAMI(DOWA)

ABSTRACT
Ni-based-superalloy Inconel 718 is used for aero-engine disks and processed by forging and subsequent 

machine work. This study aims to develop the fine and uniform crystal grain of Inconel 718 by delta-process. 
Delta-process is the method to prevent grain growth by applying the pinning force by intentionally precipitated δ 
phases. We observed morphology of δ phase which is changed according to the condition of δ phase precipitation 
heat treatment, and then prepared delta-processed Inconel 718 (DP718). It was found that DP718 had finer and 
more uniform microstructure compared with the traditional C&W process (IN718) and resulted in higher tensile 
strength. 
Key words: Superalloy, Inconel718, δ Process, Forging, Turbine Disk

 
 

superalloy

Ni

 Inconel 
718 γ′′ Ni

δ
IN718

δ γ′′ δ
δ

[1][2] δ

[3] δ δ
δ δ

 
C&W δ DP718

IN718
2.1

DP718
δ

IN718 1150°C
Table 1

50% 48mm
46mm
0.81-0.97 δ

“Forge”
Fig.1,2

Fig.1 δ 1000°C
Fig.2 24h

δ

Table 1 Chemical composition of Inconel 718 (mass %).

 B-1 

Download service for the GTSJ  via 153.121.55.14, 2025/02/01. 

                         142 / 273



 
2.2

δ δ
950°C/24h Fig.3

DP718
Fig.4 δ

2 IN718 1
2

950°C 20%
80mm 100mm

 

DP718 980°C/1h

1 0.81-0.97
“Forge”

3.1
3.1.1

DP718 IN718
Fig.5(a),(b) IN718 δ

DP718 δ
δ

IN718 δ

3.1.2   
DP718 IN718 EBSD Fig.6

DP718 IN718
DP718 9.8μm

IN718 17.0μm DP718 IN718

3
 

 

 

Fig.1 Microstructure: (a)1000°C/24h, (b)950°C/24h.

(a)        (b)(a)      (b)

Fig.2 Microstructure: (a)950°C/1.5h, (b)950°C/24h.

(a)        (b)

Fig.3 Working process of DP718.

Fig.4 Working process of IN718.

g g p

Fig.5 Microstructure: (a)DP718, (b)IN718. 

(a)      (b)(a)    (b)

(a) DP718
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3.2

Fig.3,4
Fig.7

DP718 IN718
DP718 IN718

 
EBSD DP718 IN718

Fig.8 Fig.8 DP718 IN718

DP718
 950°C/24h δ

δ
DP718

IN718

δ δ

γ’’ Nb
δ

 
1. IN718 1000°C

δ
2. 950°C/24h IN718 δ

3. 950°C/24h δ DP718
IN718

δ
4. DP718 IN718

 1) C. Ruiz, A. Obabueki: EVALUATION OF THE 
MICROSTRUCTURE AND MECHANICAL 
PROPERTIES OF DELTA PROCESSED ALLOY 718, 
Superalloys 1992, pp.33-42. 

 2) T. Banik, S. O. Mancuso: AN EVALUATION OF THE 
FORGEABILITY OF DELTA PROCESSED UDIMET 
ALLOY 718DP, Superallows 718, 625, 706 and Various 
Derivatives, 1994, pp.273-280. 

 3) Y. Wang, L .Zhen: Hot working characteristics and 
dynamic recrystallization of δ-processed superalloy 718, 
Journal of Alloys and Compounds 474 (2009), pp.341-346. 

 4) H. Y. Zhang, S. H. Zhang: Deformation characteristic of δ 
phase in the δ-processed Inconel 718 alloy, MATERIALS 
CHARACTERIZATION 61 (2010), pp.49-53. 

 5) A.Agnoli, M. Bernacki: UNDERSTANDING AND 
MODELING OF GRAIN BOUNDARY PINNING IN  
INCONEL 718, Superalloys 2012, pp.73-82.

(b) IN718

Fig.6 EBSD microstructure.

Fig.7 Result of tensile test.

Fig.8 Grain size distribution.
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I N 718  
 

 

 
 

Microstructure and Strength properties of IN 718 built up by Laser Beam Melting 
*Yoshihiro NAKAYAMA (Tokyo Metropolitan Univ.) and Koji KAKEHI (Tokyo Metropolitan Univ.) 

 
ABSTRACT 

In this study, alloy 718 were built up by laser beam melting in argon gas using pre-alloyed powder. The 
specimens were cut parallel and vertical to the built direction. We prepared as-deposited samples and STA 
(solution heat treatment and aged: AMS-5662) samples. To study the microstructure, the microstructure 
of the specimens were observed by OM (Optical Microscope), SEM (Scanning Electron Microscope) and 
EBSD (Electron Backscatter Diffraction). It was observed that the coarse columnar grains and the dendrite 
structure grew up parallel to the build direction. We carried out tensile test at the ambient temperature and 
650°C. At the ambient temperature, additive manufacturing specimen showed isotropic tensile properties. 
But at 650°C tensile test, as-deposited and STA specimens showed lower strength than C&W specimens. 
STA-90 degree sample exhibited lower elongation than STA-0 degree sample.  
Key words: Superalloy, Inconel 718, Laser Beam Melting 

 

Inconel718 (Special Metals )
Platt&Whitney

PW4000 Ni
57% Inconel718 (1)

(2)

(3)Inconel 718
LBM(Laser Beam Melting)

 
 

 
Yb

EOSINT M 280 EOS NickelAlloy 
IN718(4) Inconel 718 
(Special metals )

1
0.04mm

35mm

0°
90°

2 as-
deposited AMS-5662 ( 1)

STA(solution treated and aging)
(OM SEM

TEM EBSD)
0.5mm/min 650  

Table 1 Chemical composition 
of EOS Nickel Alloy 718(4). 

Ni Cr Nb Mo Ti Al Co 
50.0 17.0 4.75 2.8 0.65 0.20 .0 

Cu C Si,Mn P,S B Fe  
.3 0.08 .35 .015 .006 bal  

 B-2 
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3.2  
3.2.1  
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PPB (Prior Particle Boundary)
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Figure 1. Heat treatment of AMS-5662. 

1h

8h
10h

Figure 2. TEM image of as-deposited 90° sample. 

Build
Direction

Figure 3. IPF (inverse pole figure) map of as-
deposited samples: (a) parallel to the build direction, 
(b) vertical to the built direction. 

a 

b 

Build 
Direction 

Build 
Direction  
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33.2.2  
3 650 as-

deposited STA

as-
deposited STA  as-deposited

STA
STA-0° STA-90° 1/2

as-deposited STA-90°
90°

 
 

 
Table 2 Tensile properties at ambient temperature. 

Results of Tensile Tests at 650
 
Table 3 Tensile properties at 650°C.

 
 
 

1. 

 
2. 

 
3.  HIP

PPB (Prior Particle Boundary)
HIP

 
4. 650

As-
deposited STA
STA-90° STA-0°  

5. 
 

 

 1) D. F. Paulonis and J. J. Schirra: Superalloys 718, 625, 
710 and various Derivatives (2001), pp.13-37. 

 2) 3D PRINTER METI 
Journal August/September 2013 pp.01-24  

 3) Daniel F. Paulonis and John J. Schirra, “ALLOY 718 AT 
PRATT & WHITNEY-HISTRICAL PERSPECTIVE 
AND FUTURE CHALLENGES”, superalloys 
718.625.706 and Various Derivatives, (2001), pp.13-23. 

 4) EOS GmbH-Electro Optical Systems, “Material data sheet 
EOS Nickel Alloy IN 718”, pp.3. 

 5) SPECIAL METALS, “INCONEL alloy 718”, Special 
Metals Corporation, (2007), p.3. 

 6) G. A. Rao, M. Kumar, M. Srinivas, and D. S. Sama, “Effect 
of oxygen content of powder on microstructure and 
mechanical properties of hot isostatically pressed superalloy 
Inconel 718”, Materials Science and Engineering A435-436, 
(2006), pp.84-99. 

Specimens 
Angle 

[°] 

0.2% 
Proof 
stress 
[MPa] 

Tensile 
Strength 
[MPa] 

Elongation 
[%] 

As-dep. 
0 676.8 1022.5 28.1 
90 789.8 1070.0 25.2 

STA 
0 1270.7 1424.6 18.6 
90 1365.6 1518.9 14.7 

Cast & 
Wrought(5) - 1034 1276 12 

HIP + 
STA(6) - 1260 1413 8.6 

Specimens 
Angle 

[°] 

0.2% 
Proof 
stress 
[MPa] 

Tensile 
Strength 
[MPa] 

Elongation 
[%] 

As-dep. 
0 594.4 862.1 25.1 
90 742.6 941.1 23.9 

STA 
0 594.2 816.1 31.5 
90 606.1 815.8 16.1 

Cast & 
Wrought(5) - 862 1000 12 
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IHI  
 

The Relationship between Stall and Leading-edge Vortex in a Centrifugal 
Compressor with Vaned Diffuser 

*Nobumichi FUJISAWA, Shotaro HARA, Yutaka OHTA (Waseda Univ.) and Takashi GOTO (IHI) 

ABSTRACT 
The experimental and CFD analysis were conducted to investigate the relationship between stall and 

leading-edge vortex (LEV) in a centrifugal compressor with vaned diffuser. The LEV is distinct from the 
separating vortex of the diffuser leading-edge and passage vortex of the diffuser. It is produced by the 
accumulation of vortices caused by the velocity gradient of the impeller-discharge flow. According to the 
experimental results, both the impeller and diffuser rotating stalls occurred at 55 and 25 Hz during off-design 
flow operation. Both stall cells were existed only on the shroud side of the flow passages, which is very close to 
the source location of the LEV. According to the CFD results, the size of the LEV doesn’t change, and the LEV 
is comparatively stable in the designed flow operation. On the other hand, the LEV develops and forms a huge 
flow blockage within the diffuser passages during off-design operation. Therefore, the LEV may be considered 
to be one of the causes of the diffuser stall in the centrifugal compressor. 
Key words: Centrifugal Compressor, Vaned Diffuser, Leading-edge Vortex, Rotating Stall, CFD 
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Fig.1
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Detached Eddy Simulation
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3.2  

Fig.2

3
 

1 1
3

Tested Centrifugal Compressor
Rotational Speed
MassFlowRate
PressureRatio

Number of Blades
(Main + Splitter)

Inlet Diameter
Outlet Diameter
Exit Blade Width

Impeller

Diffuser
Blade Shape
Number of Vanes
Leading Edge Diameter
Trailing Edge Diameter
Diffuser Width

Table 1   Dimensions of Tested Compressor.

N
G
P5/P0

Z

D2
D1

B2

V
D3

D4

B4

6000
1.64
1.1

14

248
328
26.14

Wedge
15
360
559
26.14

min-1

kg/s

(7+7)
mm
mm
mm

mm
mm
mm

Fig.1  Experimental Apparatus and Measuring System.
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Fig. 2 Overview of Computational Domain.
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DES

Large-Scale DES Analysis of Unsteady Flow Phenomena 
in a Transonic Centrifugal Compressor at Near-Surge Condition 

*Dai KANZAKI(Kyushu Univ.), Takashi NISHIZAWA(Kyushu Univ.) 
Masato FURUKAWA(Kyushu Univ.) and Kazutoyo YAMADA (Kyushu Univ.) 

ABSTRACT 
Unsteady flow fields in a transonic centrifugal compressor at near-surge conditions have been investigated by 

detached eddy simulations (DES) using 400 million grid points. The simulation results show that the flow field 
in the impeller at near-surge is dominated by the blade stall near the full-blade tip of impeller, which causes the 
huge reverse flow region near the shroud wall. It is also found that the rotating stall with large reverse flow 
regions plays a major role in the flow field in the diffuser at near-surge.  
Key words: Centrifugal compressor, Near-surge, Flow phenomena, Numerical simulation 
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(a) Meridional view 
 

(b) Impeller 
Fig. 1 Test centrifugal compressor 
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Fig. 2 Computational domain of test compressor 
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Fig. 6 Time-averaged flow field in impeller at maximum 
pressure rise point 

 

 

Fig. 7 Time-averaged limiting streamlines on full-blade 
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Fig. 8 Radial velocity distributions near diffuser hub wall at maximum pressure rise point 
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Fig. 10 Circumferentially-averaged flow field on meridional 
plane at maximum pressure rise point 

 
 

Fig. 11 Vortical flow field in impeller at near-surge point 
 
 

Fig. 12 Relative flow Mach number distribution near shroud 
wall at near-surge point 

 
 

Fig. 13 Time-averaged limiting streamlines on full-blade 
suction surface at near-surge point 
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(a) t* = 97.0 (b) t* = 99.0 (c) t* = 101.0 
Fig. 14 Radial velocity distributions near diffuser hub wall at near-surge point  

 

(a) t* = 100.0 (b) t* = 102.0 (c) t* = 104.0 
Fig. 15 Radial velocity distributions near diffuser shroud wall at near-surge point 
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Numerical Analysis of Flow in Ultra Micro Centrifugal Compressor
Influence of Cone Configuration at Impeller Inlet

*Atsushi YONEMURA, Masanao KANEKO and Hoshio TSUJITA(HOSEI Univ.)

ABSTRACT
For an ultra micro centrifugal compressor (UMCC), the applicability of two-dimensional (2D) blade 

has been investigated by considering the productivity in the downsizing of impeller. However the 
aerodynamic performance of impeller with 2D blade is generally inferior to that with three-dimensional 
one. Therefore, in order to develop UMCC with 2D blade, it is necessary to clarify the influence of
various design parameters, which specify the shape of impeller, on the aerodynamic performance of it.

In this study, the flows in the centrifugal compressor impellers with 2D blade which are different in 
the meridional configuration on the hub side at the impeller inlet were analyzed numerically. The 
computed results clarified that the application of cone configuration at the impeller inlet increased the
efficiency due to the decrease of loss at the impeller inlet, and decreased the mass flow rate due to the
decrease of passage area in the suction pipe.
Key words: Centrifugal compressor, Micro gas turbine, Numerical analysis, Two-dimensional blade
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B-Imp. C1-Imp.C2-Imp.C3-Imp.
D1 Inlet tip diameter(mm) 10.80
D2 Outlet diameter(mm) 24.00
h2 Outlet blade height(mm) 1.44
z Number of blades 12

hTC Tip clearance(mm) 0.30
T Blade thickness(mm) 0.30
α Inlet blade angle(deg.) 50.00
β Outlet blade angle(deg.) 30.00

Db Boss diameter(mm) 1.00 2.00 3.00

Cps=Ps/0.5ρU2
2              (1) 

Cpt=(Pt1 Pt)/0.5ρU2
2           (2) 

η=[(Pt2/Pt1)(κ 1)/κ 1]/(Tt2/Tt1 1) 100    (3) 

Table1  Dimensions of test impellers 

Fig.2  Meridional configuration of C-Imp. 
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resolved LES RANS

 

 
 

The Comparison of resolved LES and RANS of Two Dimensional Compressor 
Cascade 

 
*Takuya Ouchi, Susumu Teramoto(Univ. Tokyo) 

 
ABSTRACT 

Due to the difficulty of experimental studies on tip leakage flows, computational studies which use 

Reynolds Averaged Navier-Stokes Simulaiton(RANS) have been conducted to investigate the tip 

leakage flow. But the validity is questionable since it contains separation, strong shear flows and 

turbulent boundary layer interactions. In this reserch, resolved Large eddy Simulaiton will be introduced 

to simulate tip leakage flow, and by using this result as criteria,the validity of RANS to tip leakage flow 

will be discussed. As preliminary step for this, two dimensional comparison of resolved LES and RANS 

is conducted. Since Reynolds number based on chord length is moderate( ), the suction 

surface boundary layer is not fully turbulent, although two dimensional tripping is set. Therefore another 

method like three dimensional tripping will be needed. 

Key words: Compressor,CFD 
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Table.1

GE rotor B 
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Table.3 Mesh characteristics 

zone chord pitch span total 

1 150 320 60 2,880,000 
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3 150 554 60 4,986,000 
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Fig.1 Computational grid with close-up view near trip. 
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Fig.2 evolution of the mesh resolution on the suction 
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Fig.4 Skin-friction Coefficient Cf distribution of 
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Fig.8 Reynolds shear stress ( ) as a function of 

wall normal distance at x/c = 0.2,0.4,0.6,0.8 on 
pressure side (top) and suction side (bottom) 
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DES

Large-Scale DES Analysis of Unsteady Flow Phenomena at Near-Stall Point 
in a Multi-Stage Axial Compressor for Gas Turbine  

*Satoshi NAKAKIDO(Kyushu Univ.), Kazutoyo YAMADA(Kyushu Univ.) 
Masato FURUKAWA(Kyushu Univ.), Akinori MATSUOKA(KHI) and Kentaro NAKAYAMA(KHI) 

ABSTRACT 
The final goal of this study is to elucidate the flow mechanism of the rotating stall inception in a multi-stage 

axial compressor for an actual gas turbine by conducting large-scale detached eddy simulations (DES) on the K 
computer. In the present study, the DES was conducted for the front half of the whole 14 stages of the 
compressor, because of a limited computational resource. This paper describes unsteady flow phenomena in the 
compressor at stall inception, which are seen on the hub side not the tip side, by visualizing vortical flow 
structures using data mining techniques. 
Key words : Multi-stage axial compressor, Corner stall, Unsteady flow, CFD, K computer, DES 
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A-12
 

 
 

 

 
 

Visualization of Unsteady Internal Flow under Surge and Rotating Stall 

 in an Axial Flow Compressor 
*Hiroaki MITSUI, Shunsuke OKA, Yutaka OHTA and Eisuke OUTA(Waseda Univ.)

ABSTRACT
The unsteady behavior of a rotating stall cell during a surge cycle, in particular the irregular surge cycle, was 

investigated in a single-stage axial flow compressor by detailed measurements of the unsteady performance 
curve and circumferential flow velocity fluctuation ahead of the rotor blade. The flow blockage during the 
stalling and recovering processes is visualized using the double-phase-locked averaging technique. The flow 
blockage ratio within the rotor cascade during a surge cycle indicates that the key factor in determining the next 
surge cycle in the case of the coexisting state of rotating stall and surge may exist between the stalling and 
recovering processes of the surge cycle, in which a stall cell generated at the rotor cascade develops in the 
circumferential direction over the entire area. 
Key words: Axial-flow compressor, Double-phase-locked measurement, Rotating stall, Surge
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Table 1   Features of tested compressor 
Tested axial flow compressor 
Rotational speed               12000 min-1 

Airfoil configuration  NACA65 
Hub diameter                 80    mm 
Casing diameter               131   mm 

Rotor blade 
Number of blades              12 
Rotor tip diameter             130   mm 
Chord                       30.0   mm 
Clearance                    0.5   mm (tip) 
Stagger angle (at tip)          64.06 deg 
Stagger angle (at hub)          30.50 deg 

Stator vane 
Number of vanes              15 
Chord                      24.5 mm 
Clearance                    0.5    mm (hub) 
Stagger angle (at tip)          9.999 deg 
Stagger angle (at hub)          16.84 deg 
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       Fig.1  Experimental apparatus and measuring systems.

Download service for the GTSJ  via 153.121.55.14, 2025/02/01. 

                         178 / 273



 

  
Flow coefficient 

1st stall

2nd stall

: Design Point
=0.259

(a) (b)

0.0

0.1

0.2

0.3

0.4

0.5

Pr
es

su
re

-r
is

e 
co

ef
fic

ie
nt

 

: Steady Performance 

: Transient Performance

Irregular cycle(c)

=0.191

0.0 0.1 0.2 0.3 0.4 0.5

Large cycle

0.0 0.1 0.2 0.3 0.4 0.5 0.0 0.1 0.2 0.3 0.4 0.5

 
Fig.2 Unsteady behavior of tested compressor under coexistence state of surge and rotating stall. 
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Fig.3 Unsteady pressure-rise characteristics during 

irregular surge cycle and intervals for analysis. 
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      Fig.4  Double-phase-locked averaging technique at stall recovering process. 
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Fig.5  Configuration of rotating stall cell in various 
surge cycles at stalling process. 
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Fig.6  Configuration of rotating stall cell in various 
surge cycles at recovering process. 
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Fig.7  Variation of blockage ratio in stalling and recovering processes during irregular surge cycle. 
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Evaluation of Noise Reduction of Microjets Using Small Model Jet Engine 

*Masataka FUKUMOTO, Shuichiro OMIYA(Tokyo Univ.), Kei WADA(Science Service),
Hideshi OINUMA, Kenichiro NAGAI, Tatsuya ISHII(JAXA) and Shigehiko KANEKO(Tokyo Univ.)

ABSTRACT
 

It is known that mixing devices which are attached to nozzle lip and enhance mixture of high speed flow and 
surrounding air are effective for jet noise reduction, but induce thrust loss. As well as in the larger scale engine 
test, it is important to survey the aerodynamic and acoustic performances of the mixing devises in the sub-scale 
model test. The authors proposed a compact and flexible facility to realize heated jet in anechoic environment. A
small model jet engine and an anechoic wind tunnel made it possible to measure the jet noise in the far field and 
the thrust loss by the mixing devices. This paper describes the jet noise reduction and thrust loss when a typical 
micro-jet is applied to the baseline nozzle.

Key words: Jet Noise, Heated jet, Thrust, Model Jet Engine, Mixing device, Microjets
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Fig.2 Schematic View of the Hot-jet Test Equipment. 
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Fig. 3 Intake and Exhaust Sections for Aerodynamic 
Measurement. 

 

 

 
Fig. 4 Diagram of Fuel, Command, Data, and Power 

Supply.  
 
 

Table.1 Example of Operating Conditions 
Engine speed 

[krpm] 90.4 96.9 100.5 104.5 

NPR 1.23 1.28 1.31 1.36 
Mach number 0.56 0.61 0.65 0.69 
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Fig. 6 Engine Stand and Microphone Layout. 
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Fig. 11-A Corrected Spectra (θ=60deg) 

 

 
Fig. 11-B Corrected Spectra (θ=90deg) 

 

 
Fig. 12 Noise Reduction in OASPL. 
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Performance prediction of variable heat to power ratio micro gas turbine system
Effect of steam injection

*Akira KATO and Toshiaki TSUCHIYA (Kanazawa Institute of Technology)

ABSTRACT
Micro gas turbine is expected so as to be used as distributed power. So far, it has been introduced as a
cogeneration system to the facility with a lot of heat demand such as hotel, gym, hospital and so on. However,
when the variation of the heat demand is intense, exhaust heat energy is thrown away without being used 
effectively. In this study, the steam injection into the micro gas turbine has been considered in order to make 
effective use of the exhaust heat surplus. The impact on key performance parameters such as power output, 
thermal efficiency by steam injection has been investigated.
Key words: Micro Gas Turbine, Steam Injection, Cogeneration
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Fig.15 Effect of steam injection on fuel flow 
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Dynamic Simulations for Start-up behaviors of Microturbines

*Keiichi SEKI, Susumu NAKANO and Youichi TAKEDA(Tohoku Univ.)

ABSTRACT
A dynamic simulator for microturbines, which is composed with centrifugal compressor, premixed combustion

burner, and radial flow turbine, to calculate cycle behaviors from ignition to rated rotation and stpo is developed. This 
dynamic simulator is composed of kinetic equation of rotor, calculation models of compressor, combustor, turbine, and 
loss models. Calculation models for centrifugal compressor, premixed combustor, radial flow turbine, mechanical 
losses like windage and bearing loss, and heat losses of combustor are shown. To ensure the simulation accuracy, 
experimental data taken from microturbine operations are compared with the calculation results. The simulation results 
show good agreements on the experimental data. Effects of mechanical losses and heat loss of combustor on the 
calculation results are discussed. 
 
Key words: Dynamic simulation, Microturbine, Centrifugal compressor, Pre-mix combustor, Radial flow turbine
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Fig.1 System diagram of objective turbine 
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Fig.2 Efficiency curves of centrifugal compressor 
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Fig.3 Premixed combustor 
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Fig.4 Maximum efficient curves of radial flow turbine 

 

 
Fig.5 Correction curve of radial flow turbine efficient 
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Fig.6 Outside of reference microturbine for verification 

 

 
Fig.7 Side view of the turbine rotor 

 
Table 1 Characteristic values of reference microturbine for 

verification 

 
 

Table 2 Characteristic values of fuel flow rate 
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Fig.8 Comparison of calculation and measured over 

rotational speed (fuel flow rate 65L/min) 
 

 
Fig.9 Comparison of calculation and measured over turbine 

inlet temperature (fuel flow rate 65L/min) 
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Fig.10 Comparison of calculation and measured over 

rotational speed (fuel flow rate 65L/min) 

 

 
Fig.11 Comparison of calculation and measured over turbine 

inlet temperature (fuel flow rate 65L/min) 
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Fig.12 Comparison of calculation and measured over 

rotational speed (fuel flow rate 25L/min) 

 

 
Fig.13 Comparison of calculation and measured over turbine 

inlet temperature (fuel flow rate 25L/min) 
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Development of Tabletop Gas Turbine

*Shota Nakayama (Kochi Univ. of Tech., Graduate School) and Yasukata Tsutsui (Kochi Univ. of Tech.)

ABSTRACT
Jet engine and gas turbine has served as propulsion and power generation. However, it is hard to say that the 

operation principle is understood in general. In this study, it is intended to develop a gas turbine capable of 
operating quietly and safely on tabletop. We believe that tabletop gas turbines will become educational materials 
of high school and junior high school and that many gas turbine contests for junior high and high school students 
will be held. 
Key words: Tabletop, Gas Turbine, Contest for students
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Fig.1 Critical temperature ratio vs pressure ratio 

 

 
Fig.2 Critical turbine inlet temperature for self-

sustained operation 
  

 

 
Fig.3 Stator and rotor for compressor and turbine 
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Fig.4 Burner and variable gas supply unit 

 
 

 
Table 1 Blade angles of turbine and compressor  

 

 
Fig.5 The tabletop gas turbine overall view 

 
Table 2 Rotational speed and air velocity 

-Turbine angle: 20 deg. 
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Table 3 Rotational speed and air velocity 
-Turbine angle: 30 deg. 

Table 4 Rotational speed and air velocity 
-Turbine angle: 20 -25deg. 

Table 5 Rotational speed and air velocity 
-Turbine angle: 30 deg. 
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JAXA

Development of optimum engine system design and performance evaluation 
method considering the aircraft body condition

ABSTRACT
Study on elemental technologies for reducing fuel burn in aero-engines have been performed widely throughout 
the world. In our research group, we combine these technologies and evaluate the performance of the engine by 
using VJE (Virtual Jet Engine).In this study we aim at integrating the engine and airframe performance, and 
evaluate the fuel burn through the flight. New analysis tool that can evaluate the fuel burn through the flight 
was created. The overall analysis tool development work and the result of accuracy validation calculation of it 
are reported here below. By using this tool, estimating fuel burn on future aircraft and aero-engines becomes 
possible. 
Key Words: Aircraft, VJE, Gas turbine, Jet engine

20 2
20 2

[1]

LCC(Low Cost Career)

CO2
NOx CO2

NOx

Virtual 
Jet Engine(VJE)

( )

Fig.1 Breakdown of airline’s total operating cost[2]

[3]

VJE Virtual Jet 
Engine

 B-13 

Download service for the GTSJ  via 153.121.55.14, 2025/02/01. 

                         205 / 273



Excel

VJE 2  2

 VJE
  

Fig.2  Schematic of 2-Spool Turbofan Engine 
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Fig.3  Purpose of this study 

FAN : Fan  NOZL : nozzle  LPC : Low pressure compressor 

HPC : High pressure compressor  COMB : Combustor 

HPT : High pressure turbine  LPT : Low pressure turbine 

N1 : Low-spool  N2 : High-spool 
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Fig.4  Benefits of preliminary aircraft design 
 
 
 
 
 
 
 
 
 
 

Fig.5  Calculation flow 
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Fuel Burn

FD
 

1   
Table 1  Combination of engine and airframe 

 Case 1 Case 2 
Aircraft A320 B777 300 
Engine CFM56-5A1 PW4090 

case1 case2
2 3  

case1
63lb(29kg) case2

case1 691lb(313kg)
 

 
 

HP[5]

[6]

 
A320 78lb(0.09%)

B773 691lb(0.2%)
1

 
( )

 
 
 
 

Table 2  A320 weight calculated result 
Catalog[lb] Calculated[lb] Error[%] 

Total empty 
weight 89768 89846 0.09 

Table 3 B777-300 weight calculation result 
Catalog[lb] Calculated[lb] Error[%] 

Total empty 
weight 348611 349302 0.2 

B777-300

4

 

FD
climb, cruise, descend

FD  
Table 4  Flight conditions 

 Flight1 Flight2 Flight3 
Flight range[km] 895 10360 2900 
Cruise altitude[m] 10060 10360 11277 

Cruise Mach number 0.82 0.84 0.83 

VJE
VJE

FD

 
Table 5 Composition of Fuel Burn of Flight 1 

Time[s] (points) FD[kg] Cal.[kg] Error[%] 
climb 1030 (71) 2174  2111  -2.9  
cruise 1846 (12) 1781  1814  1.9  

descend 1320 (124) 635  650  2.4  
total 4196 (197) 4589  4575  -0.3  

Table 6 Composition of Fuel Burn of Flight 2 
Time[s] (points) FD[kg] Cal.[kg] Error[%] 

climb 940 (65) 1948  1932  -0.8  
cruise 5371 (90) 5023  4974  -1.0  

descend 1420 (114) 486  507  4.4  
total 7731 (466) 7457  7414  -0.6  

Table 7 Composition of Fuel Burn of Flight 3 
Time[s] (points) FD[kg] Cal.[kg] Error[%] 

climb 1 1360 (195) 2631  2617  -0.5  
cruise 1 1343 (9) 1193  1179  -1.2  
climb 2 140 (8) 168  178  5.7  
cruise 2 7150 (40) 6073  6036  -0.6  
descend 1850 (141) 666  665  -0.1  

total 11966 (393) 10730  10675  -0.5  
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Flight1
N1 N2 6-9

8-10
 

Fig.6  Flight condition of Flight 1 

Fig.7  Fuel flow of Flight 1 

Fig.8  N1 rotation speed of Flight 1 

Fig.9  N2 rotation speed of Flight 1 

Table 8  Fuel Burn analytical calculation Flight 1 

 FD[kg] Cal.[kg] Error[%] Percentage 
 of total[%] 

climb  2174  2152  -1.0  47  
cruise 1781  1816  2.0  39  
descend 635  650  2.4  14  
total 4589  4618  0.6  100  

Table 9  Fuel Burn analytical calculation Flight 2 

 FD[kg] Cal.[kg] Error[%] Percentage 
 of total[%] 

climb  1948  1948  0 26  
cruise 5023  4807  -4.3 67  
descend 486  473  -2.7 7  
total 7457  7228  -3.1  100  

Table 10  Fuel Burn analytical calculation Flight 3 

 FD[kg] Cal.[kg] Error[%] Percentage 
 of total[%] 

climb 1 2631  2640  0.4 25  
cruise 1 1193  1163  -2.5 11  
climb 2 168  167  -1 2  
cruise 2 6073  6099  0.4 57  
descend 666  689  3.5 6  
total 10730  10757  0.2  100  

8-10
FD

climb, cruise, descend ~5%
climb, 

cruise
 

 
 

VJE

 

FD

[4]
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 Fig.10 Fuel flow of Flight 1 (descend) 

Fig.11 N1 rotation speed of Flight 1 (descend) 

 Fig.12 N2 rotation speed of Flight 1 (descend) 
 
 
 
 
 
 

VJE
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Prediction Procedure of Gas Turbine Off – Design Performance based on

Component Matching
-Application for the Power Generation System Using a Small Turbojet Engine-

*Kyosuke Fujiki, Toshiaki Tsuchiya (Kanazawa Institute technology)

ABSTRACT
This paper presents prediction procedure of off – design performance based on component matching. Off –

design performance has been determined by the matching of components. It is necessary for matching of 
components to consider compatibility of flow rate, rotational speed and work. This paper has shown the 
matching procedure for gas generator, and the matching procedure for gas generator and power turbine based on 
performance characteristics of each component. Off – design performance has been predicted using each 
performance map according to the procedure proposed in this paper. Also, this paper has shown an example for a
small turbojet engine, Sophia J850, which has been converted to power generator from propulsion system.
Key words: Matching, off – design performance, compressor performance map, turbine performance map.
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Fig.3 Compressor performance map 
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Fig.5 The procedure for gas generator matching 
 

 
 
 
 
 
 

Fig.6 corresponding points on compressor performance map 
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 Fig.7 Each of gas generator performance 
 
 
 
 
 
 
 

 
Fig.8 TIT lines on compressor performance map 
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Fig.9 The procedure for gas generator and power turbine 
 
 

 
 

 
 
 

Fig.10 Operating line on compressor performance map 
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Table1 Temperature and pressure for design point

performance 
Location Temperature [ ] Pressure [kPa] 

a 15.00 101.32 
1 15.00 100.81 
2 155.79 292.28 
3 900.00 273.81 
4 766.12 140.11 
5 766.12 140.11 
6 694.38 101.83 

 
Table2 Design point performance 

 p02/p01 2.80 
 ηc 0.700 

 ηtg 0.740 
 ηtp 0.900 

 f 0.0224 
 ma√θ/δ [kg/s] 0.16040 

 mf [kg/s] 0.00359 
 W [kW] 13.1 

 ηth 0.0863 

 

J850 11
12 13
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ig.11 Compressor performance map for J850 (1) 

Fig.12 Compressor performance map for J850 (2) 
 
 
 
 
 
 
 

Fig.13 Turbine performance map 
 
 
 
 
 
 
 

Fig.14 Power turbine performance map 

Table3 The results for Gas generator matching 
ma√θ/δ[kg/s] 0.1600 0.1700 0.1800 0.1900 

p02/p01 2.80 2.76 2.70 2.61 
ηc 0.700 0.716 0.717 0.702 

p03/p04 1.949 2.058 2.216 2.452 
ΔTc/T01 0.488 0.470 0.457 0.449 

mg√T03/p03 2.050E-05 2.087E-05 2.131E-05 2.180E-05 
f 0.0220 0.0188 0.0158 0.0129 

ΔTt/T03 0.1137 0.1222 0.1335 0.1487 
T03/T01 4.084 3.668 3.275 2.896 

 
Table4 Off-design performance for J850 

N/√θ[%] 110 100 90 70 50 
W [kW] 22.3 13.1 7.8 3.9 1.3 

ηth 0.115 0.088 0.067 0.045 0.022 
TIT [ ] 1000.58 898.82 818.77 760.23 762.23 

ma√θ/δ [kg/s] 0.1913 0.1604 0.1359 0.1069 0.0697 
rc 3.40 2.80 2.36 1.93 1.49 
f 0.0240 0.0219 0.0203 0.0193 0.0201 

 
 

Fig.15 Operating line for J850 engine 

J850

1  ,
, 41

( )
,(2013)pp223-228. 

2  , 
, 

[No.147-1] 51
 , (2014) 

3  Saravanamutto H.I.H,Cohen H, Rogers G.F.C, 
Staraznicky PV Gas Turbine Theory Sixth Edition, 
Person Prentice Hall, (2008)pp453-477.
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TUAT  
 

Transient Characteristics of Aero-engine with Heat Exchangers

*Naoki AKIYAMA(TUAT) and Yoshitaka FUKUYAMA(JAXA)

ABSTRACT
This paper reports on analytical results of the unsteady behavior when heat exchangers are installed in a 

2-spools turbo-fan engine. In this study VJE was improved so that VJE treat unsteady analysis. Two types of 
turbo-fan engines with heat exchangers were analyzed. One is turbo-fan engine with the intercooler, the other is 
turbo-fan engine with the intercooler and the regenerator.  From results of unsteady analysis, it was found that 
controlling fuel flow with measuring temperature changes in heat exchangers was important to safety operate 
those engines. For the IRA engine, in order to reduce the thrust quickly, it needs to inhibit continuing to drive by 
the energy discharged from heat exchangers. 
Key words: Aero-engine, Virtual Jet Engine, Heat exchanger, Intercooler, Regenerator, Unsteady analysis
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Fig.1 Schematic of heat exchanger 
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1

Table1  
Table1 Specs of engines with heat exchangers 

Thrust (SLS100%) 20000  
FPR (cruise) 1.34 

OPR (cruise) Intercooled/IRA 40/30 
BPR (cruise) 13 

εx (IC / RG) (cruise) 0.7 / 0.6 
Material Ti-6A1-4V 

Density of 
heat exchanger plate 4350kg/m3 

Specific heat of 
heat exchanger plate 

655J/(kg K)
(800K) 

Plate Thickness 5mm 
cruise: ALT=10668m Flight Mach number=0.78 
IRA: Intercooled and Recuperated Aero engine 
IC: Intercooler  RG: Regenerator 

 
3.1 Intercooled Engine ( ) 

Fig.2 Intercooled Engine(IC )
2

(IC) Hot
Cold

IC Cold

  

Fig.2 Overall image of the intercooled engine system 

x 
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3.2 IRA Engine ( ) 
Fig.3 IRA Engine

Intercooled Engine (RG)
RG Hot HPT(High Pressure 

Turbine) Cold
IC RG

LPT
RG (1) Fig.3

IRA
 

Fig.3 Overall image of IRA engine system 

 
Table2

SLS7% SLS100%

SLS100% SLS7%

(FAR)
(Wf)/

(P3) FAR

 
 

Table2 Analysis-sequence and condition of analysis 

Pattern Target 
time 

Condition of 
Environment 

SLS7%  SLS100% 10sec. ALT=0m  
Condition of 
Atmos. : ISA SLS100% SLS7% 10sec. 

 
4.1 SLS7% SLS100%  

Fig.4(a) (FN_r)
Fig.4(b) FAR

2
 Fig.4(a)  

 

 (a) FN_r 

 

   (b) FAR_r 
Fig.4 Variation of FN_r and FAR(SLS7% SLS100%) 

 

 
       (a) Intercooler of IC engine 

 
(b) Regenerator of IRA engine

    Fig.5 Changes in amount of heat exchange
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FAR
Fig.4(b) 2

IC
FAR

IRA FAR

Fig.5
0

0 Fig.5(a) IC
IC

Hot
 Fig.5(b) IRA 

RG Fig.5(b) RG
Hot 

RG LPT LPT

Cold
Hot

IRA
IC  

 
44.2 SLS100% SLS7%  

FAR

Fig.6(a)
Fig.6(b) Base

IC FAR
IRA

7sec. FAR 0

FAR 0
Fig.7(a) IC

Cold

IC Cold
1/10

IRA
IC RG

Hot Cold  

 

(a) FN_r 

 

  (b) FAR_r 
Fig.6 Variation of FN_r and FAR(SLS100% SLS7%) 

 

 

        (a) Intercooler at IC engine 

 
(b) Intercooler at IRA engine 

Fig.7 Change in amount of heat exchange
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Fig.8 The Ratio of Energy to the energy supplied by 
fuel under SLS7% condition 
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Fluid Structure Interaction Analysis of the Impedance Pump 
*Ryoma OKAMOTO (School of Engineering, The University of Tokyo),  

Toshinori WATANABE, Takehiro HIMENO and Chihiro INOUE (The Univ. of Tokyo) 
 

ABSTRACT 
Impedance pump is one of the valve-less pumps, which consists of elastic tube and compressing 

section. In the impedance pump, elastic waves are generated upon external periodic compressions 
of the elastic tube. These waves propagate along the tube wall, reflect at the tube extremities, and 
drive the flow in a preferential direction. Impedance pump is thought to be efficient for micro scale 
fluid machines due to its simplicity and smoothness. However, the mechanism by which impedance 
pump induces pressure rise remains unclear. In order to analyze impedance pump performance, a 
numerical method for Fluid-Structure Interaction (FSI) simulation was developed. CFD simulations 
on axisymmetric impedance pump were carried out with the method, and it was revealed that the 
reflection characteristics of the elastic waves at the tube ends governed the performance of 
impedance pump. 
Key words: Micro Pump, Impedance Pump, Elastic Tube, Fluid-Structure Interaction, CFD 
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Fig.1  Mechanism of Impedance Pump 
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Fig.2  Schematic of Axisymmetric Impedance Pump And 

Definition of Geometric Parameters 
 

 
Fig.3  Time History of Pincher Displacement and the 

Schematic of Geometrical Parameters 
 

Table  1 Property of Research Object 3), 4) 

Character Property Value 
 Working fluid Water 
d Inner radius 19.1 [mm] 
h Thickness 0.8 [mm] 
L Length 152 [mm] 
E Elastic modulus 0.1 [MPa] 

 

Table 2  Parameters of Oscillatory Motion 

Character Property Value 

   

f Pinching Frequency  6[Hz] 

A Maximum Relative Displacement 20% 

DC Duty Cycle 20% 

xp/L Pinching Position 16.7% 

w Width of Pincher [mm] 25.4 
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Fig.4  Sketch of the 2D Network in the Particle-Based Model 
of Membrane9) 

 

 
Fig.5  Flowchart of FSI Calculation Procedure 

 
Fig.6  Numerical Grid Near the Outlet 

Elastic Tube Section

x[m]

r[
m

]

B.C. B.C.

 
(a) without rigid ducts (Case A) 

Elastic Tube Section Rigid Duct

Defomation of the grid only occurs
 in elasitc tube section. B.C.B.C.

Rigid Duct

x[m]r[
m

]

(b) with duct (Case B) 
Fig.7  Appearance of numerical grid in the XZ plane 
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Fig.8  Appearance of the Impedance Pump Test Rig 

and Generation of Head Difference 
 

 
Fig.9  Frequency Dependency of Head Difference 

 

 
Fig.10  Time History of Non-Dimensional Discharged 
Volume at the Right and Left Ends of 6[Hz] Oscillation 
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Fig.11  Pressure Contour and Velocity Vector (Case A) 
 

 
(a) t/T 7.552 

 
(b) t/T 7.654 

Case B 
Fig.12  Pressure Contour and Velocity Vector (Case B) 

 

  
(a) without rigid ducts (Case A) (b) with rigid ducts (Case B) 

Fig 13  Time history of flow rate at the right end of elastic tube and cross-sectional averaged pressure at x/L=0.90 
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Fig.14  Axial Distribution of Cross-Sectional Averaged 

Pressure at t/T 7.3 
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Thermal Efficiency Analysis and Experiment of a Micro Gas Turbine
with a Detonation Combustor

*Hitoto TAKAHASHI(TMU) and Takashi SAKURAI(TMU)

ABSTRACT
The thermal efficiency of a 1 kW-class micro gas turbine with a detonation combustor was evaluated by the 

thermodynamic cycle analysis. The thermal efficiency more than 10 %, which was the target value of this micro 
gas turbine, was attained under the condition at which the pressure ratio was more than 1.2, the adiabatic 
efficiencies of compressor and turbine were more than 60% and 70%, respectively. To demonstrate the realization 
of this gas turbine, the experiment was carried out. The working characteristics of compressor and turbine were 
obtained, but the self-sustained operation of the gas turbine was not achieved.
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1kW 

4)

Fig.1
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4 1

Fig.1  Schematic of micro gas turbine

with a detonation combustor
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Fig.2  Simple gas turbine cycle model 

with a detonation combustor 

Table 1  Calculation condition 
Premixed Gas H2-Air 

Equivalence Ratio,  [-] 1.0 
Pressure Ratio,  [-] 1.2 5.0 

Compressor Adiabatic 
Efficiency,  [%] 50,60,70,85,100 

Turbine Adiabatic 
Efficiency,  [%] 50,60,70,85,100 

Pressure,  [MPa] 0.1 
Temperature,  [K] 298.15 
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Fig.3  Variation of thermal efficiency on the different 
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Fig.5  Schematic of the experimental setup 

 

Fig.6  Schematic of the detonation combustor 

Fig.7  Measurement positions of the parameters at 
each component  

t=70% 

c=60% 
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Fig.8  Operation sequence of ignition time and 
hydrogen injection in one cycle 

Fig.9  Pressure in the combustion chamber exit 
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Fig.13  Time history of the compressor discharged 
temperature 
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Fig.14  Time history of the compressor discharged pressure 
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Fig.12  Time history of the turbine rotational speed 
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Table 2  Operating data of the gas turbine system with a detonation combustor 
 Combustion Air 

Mass Flow 
Combustion 
Air Pressure 

Compressor 
Discharged 

Pressure 

Compressor 
Discharged 
Temperature 

Compressor 
Dischaged 

Air Mass Flow 
 2[g/s] P2[kPa,G] P2cp[kPa,G] T2cp[K] 2cp[g/s] 

Air only 27.4 24.4 4.2 296 10.8 
Combustion 26.8 24.6 13.8 304 23.2 

 
 Turbine 

Rotational 
Speed 

Turbine Inlet 
Temperature 

Compressor 
Pressure Ratio 

Combustion 
Air Pressure 

Ratio 

Turbine 
Pressure 

Ratio 

Compressor 
Work 

Turbine 
Output 

 n[rpm] T3t[K] P2cp/Pa P2/Pa P3/Pa Lc[W] Lt[W] 
Air only 59530 293 1.04 1.24 - - - 

Combustion 112480 850 1.14 1.24 1.18 513.1 102.3 
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Examination of the Prevaporized Combustion using a Porous Media  

for a Kerosene-fueled Micro Gas turbine 
 

*HARADA Ryo (TMU), SAKURAI Takashi (TMU), YUASA Saburo (TMU) 
 

ABSTRACT 
 

An annular-type kerosene-fueled micro combustor has been developed for a several hundred W-class micro 
gas turbine. A porous media was used to vaporize the fuel and to actualize the premixed combustion. The flame 
shape and the flame stability limit were measured for kerosene and propane fuels. For both fuels, the observed 
flames were the attached flame to the porous media leading edge and the lifted flame. The attached flame 
transitioned to the lifted flame by increasing the axial flow velocity of the porous media more than 0.6 m/s. The 
flame stability limit of kerosene fuel was worse than that of propane fuel. The effect of the orifice ratio to the 
flame stability of kerosene fuel was not significant.  
 

Key words: Micro Combustor, Kerosene Fuel, Porous Media, Flame Stability 
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JAXA  

 
Effects of injector configuration on emissions 
in Stagnation Point Reverse Flow combustion. 

*Kota NOZAKI, Takumi HIROI (Hosei Univ.), Satoshi NAKAMURA (Niigata Power Systems), 
Hideshi YAMADA (JAXA), Shigeru HAYASHI (Hosei Univ.)

ABSTRACT
Emissions characteristic of Stagnation Point Reverse Flow combustion was investigated with the aim of applying it to the 

first stage of a multi stage lean combustor for attaining single digit NOx emissions while maintaining complete combustion 
over a wide range of gas turbine power.  Perfectly mixed methane-air mixture was injected toward the dome of a 
cylindrical ceramic combustion chamber, 80 mm inner diameter, from a coaxially located tubular injectors of 16 mm-outer 
and 14 mm-inner diameter with different tip configures, including a single hole, four circular holes, and swirl vanes. 
Emissions measurements were conducted for different injection points, 30, 80 and 120 mm from the dome wall, and for gas 
sampling positions 70, 120, and 170 mm from the injection points at equivalence ratios from 0.7 to a value very close to the 
blow-off limits. Mixture temperatures was varied from 100 to 300 C and injection velocities ranged from 25 to 50 m/s. 
Single digit NOx emissions were obtained with all injector configurations at leaner conditions with very high combustion 
efficiencies greater than 99.9. The injector tip configuration and the distance from the injection point to the dome wall were 
critical factors for flame holding: with the injector producing a strong swirling jet and 80 and 120 mm injection positions, 
no flames were established, even when mixture was riched up to correct fuel-air composition. The single hole injector was 
able to hold at leaner conditions than swirl type-injector while its NOx emissions level was slightly higher at larger 
equivalence ratios than those achieved with swirl-type injectors. The NOx emissions were practically independent of 
injection velocity or combustor residence time over the whole gas temperatures tested. The effect of operating parameters 
on flame holding and NOx emissions were discussed based on direct flame images and predictions by simple simulations of 
iso-thermal flows in the combustor with different injector configurations.
Key words: Stagnation Point Reverse Flow Combustion, Perfectly premixed methane-air mixtures, Injector 

configurations, Flow fields, Flame holding, ultra-low NOx emissions. 
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1 80 
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Fig.1  Schematic drawing of combustor 
  and air-fuel(methane) supply system. 

Yin : Distance from bottom to injection position. 
Yp : Distance from bottom to sampling probe. 

 
10 mm

10 1024

K
 

2.2  

4
2

1  

Single hole  
 
 
 
 
 
 

Single hole       Multi hole 
 

 
 
 
 

 
Weak swirl       Strong swirl 
Fig.2  Nozzles for experiments. 

 
Table 1  Specifications of nozzles.  

 Hole type. 
 
 
 
 

 
Swirl type. 

 
 
 
 
 
 
 

Weak Swi l Strong Swirl
Outer diameter, mm 16 16
Diameter of vanes,  mm 14 14
Hub diameter, mm 5 5
Vane thickness, mm 1 0.5
Vane axial length, mm 8 4
Number of vanes 8 4
Opening area, 95 58
Vane angle ( hub ),  deg 21.4 44.5

Single hole Multi hole
Outer diameter, mm 16 21.7
Inner diameter, mm 14 6 mm  ×4
Opening area, 154 113
Circumferencial length of hole(s), mm 44  75 ( 19  mm ×4 )
Pitch circle, mm - 12
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Table 2  Test conditions. 
 
 
 
 
 
 
Yin Ti

U Single hole 

φ

”Near lean 
flammability “

 
Yp

Yin 2 Yp

70 mm 120 mm 170 mm

Yin

Ti = 100 φ Near lean flammability
Yp U

 
 
 
 

 
4.1  

Dassault Systèmes 
SolidWorks Corporation Solid Works 2013

Yin = 80 mm Ti = 100  U = 37.5 m/s
3

100 mm
0 m/s 37.5 m/s 

 
Yin = 80 mm Ti = 100 U = 37.5 m/s φ = 0.6

4 Single hole 
 
 
 
 
 
 
 
 
 
 
 
 

 
(a)             (b)             (c)  

Fig.3      Predicted flow fields for 
Single hole (a), Weak swirl (b), and Strong swirl(c). 

Yin = 80 mm , Ti = 100 , U = 37.5 m/s. 
(Air, Iso-thermal). 

 
 
 
 
 
 
 
 

 
(a)             (b)             (c)    

Fig.4      Photographs of flames for 
Single hole (a), Weak swirl (b), and Strong swirl(c). 
Yin = 80 mm , Ti = 100 , U = 37.5 m/s,  φ = 0.6. 

(Exposure time: 1/20 s). 

30 80 130
T i, 
U , m/s
φ

Y p, mm 100, 150, 200 150, 200, 250 200, 250, 300

100,   200,   300
                            25,    37.5,   50

Near lean flammability limit - 0.7
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Fig.5  Effects of mixture-preheating and jet velocity  

on NOx emissions and combustion efficiency 
               for Single hole type. 
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Fig.6    Effects of injection position on  
NOx emissions and combustion efficiency for 

Single hole (a), Weak swirl (b), and Strong swirl(c)  
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Fig.7  Effects of nozzles configuration 

on NOx emissions and combustion efficiency. 
 
 
 
 
 
 
 
 
 
 
 
Fig.8 Correlation of NOx emissions and combustion 
efficiency with calculated adiabatic flame temperature. 
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Icing Simulation with Temperature Change of Droplet in Passing Fan
*Ryosuke HAYASHI (Tokyo Univ. of Science), Makoto YAMAMOTO (Tokyo Univ. of Science)

ABSTRACT
The icing phenomenon is caused by complicated interactions of various physical conditions. Among all of 

various physical conditions, the impingement distribution, the impingement mass of droplets and the heat transfer 
from the droplet to the wall has high dependence. However, the temperature of impingement droplets which is 
used for the heat transfer between the impingement droplet and the wall is generally assumed to be the freestream 
temperature. This assumption might become a problem of accurate icing simulations in a jet engine, because the 
gas temperature remarkably changes in passing through a fan rotor and a multi stage compressor. In this study, we 
simulate an ice accretion phenomenon with the temperature change of droplets. The obtained remarks indicate 
that the maximum difference of the fan ice volume is 0.67%. Therefore, it is confirmed that the droplet temperature 
change does not have little effect on the engine icing.
Key words: Multiphysics CFD, Ice Accretion, Rotor-stator Interaction, Droplet Temperature
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1 (a) 
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2,222,022

 
3.2

2
MVD 20 m 50 m 2 4

 ( 1 )

 (w/ TC)  (w/o 
TC) 

500,000 LWC

 
 

 
4.1  

2 Run 3 90%

280 K
225 K 253.15 K

270 K
FEGV

275 K

Table 1  Computational Conditions 
  Run 1 Run 2 Run 3 Run 4 

Exposure Time [s] 10.0 
LWC [g/m3] 1.0 

Rotating Tip Speed [m/s] 300.0 
Mach Number  0.44 

Inlet Total Pressure [MPa] 0.1013 
Inlet Total Temperature [K] 233.15 253.15 

MVD [ m] 20 50 20 50 

(a) Main Grids for Passage (b) Sub Grids around Blade

Fig.1  Computational Grids
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Fig.2  Static Temperature at 90% Fan Span (Run 3)
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Fig.3  Change of Droplet Temperature (Run 3)

(b) Suction Side View of Fan

260 [K]230

(a) Pressure Side View of Fan
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Numerical Study on Ice Growth of Ice Crystal Accretion 
*Koharu FURUTA (Tokyo Univ. of Science) and Makoto YAMAMOTO (Tokyo Univ. of Science) 

ABSTRACT 
In recent years, it is known that the ice accretion occurs in a jet engine core such as the low pressure

compressor and the first stage of the high pressure compressor, where the temperature is about 30 degree C. This
ice accretion in the engine core is called as ‘‘ice crystal accretion’’. It differs from the existing ice accretion in 
that it occurs in the environment above the freezing point. Some scenarios are given as factors of the ice crystal 
accretion, but the mechanism has not been sufficiently clarified yet. In our previous study, we construct a new 
icing code which can be applicable to the warm environment. However, the state change of flying super-cooled 
water droplets and ice crystals is not considered. In this study, we develop our icing code including the heat and 
mass transfer model for flying particles and make a comparison with the previous study. 
Key words: CFD, Ice Crystal Accretion, Compressor Stator Vane, Heat and Mass Transfer Model 
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Fig. 1  Water Covered Ice Crystal 

Water

r1

r2

T1

T0

Ice

Table 1  Parameter of Extended Messinger Model 
Specific Heat of Ice [J/kg K] 2,050 

Specific Heat of Water [J/kg K] 4,218 

Thermal Conductivity of Ice [W/m K] 2.18 

Thermal Conductivity of Water [W/m K] 0.571 

Latent Heat of Solidification [J/kg] 3.344×105 

Density of Rime Ice [kg/m3] 880.0 

Density of Glaze Ice [kg/m3] 917.0 

Density of Water [kg/m3] 1,000 
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4.1

4
333.4 K

267.3 K  
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Fig. 2  Computational Domain and SizeFig. 

Fig. 3  Computational Grid 

Fi 2 C i l D i d Si Fi

333.4 [K] 267.3

(a) Mach Number 

(b) Static Temperature 

1 0 

Table 2  Computational Condition 
Chord Length [m] 0.1 

Angle of Attack [deg.] 3.0 
Inlet Velocity [m/s] 244.3 

Inlet Mach Number  0.7 
Inlet Total Pressure [MPa] 0.1497 

Inlet Total Temperature [K] 332.85 
Inlet Droplet Temperature [°C] -20.0 

LWC (Liquid Water Content) [g/m3] 1.0 
IWC (Ice Water Content) [g/m3] 1.0, 8.0 

MVD (Median Volume Diameter) [μm] 20.0, 50.0 
Exposure Time [s] 4.0 

Fig. 4  Mach Number and Static Temperature 

Download service for the GTSJ  via 153.121.55.14, 2025/02/01. 

                         254 / 273



5

40%
MVD = 50 μm

 
MVD = 20 μm

6 6
7

6

6
6 ms

0.23% 5.19%
0.45%

 

8
50 °C

0.2 ms

8 (b)

301.4 [K]253.7

Fig. 7  Trajectory of Super-cooled Water Droplet 

Fig. 6  Temporal Change of Diameter 

0 0.2 0.4 0.6 

19 

20 

Time [ms] 

D
ia

m
et

er
 [μ

m
] 

r1 (Super-cooled Water) 
r1 (Ice) 
r2 (Ice) 

Fig. 5  Collection Property of Ice Crystal 

-1 0 1 
0 

100 

Blade Position 

Lo
ca

l I
m

pi
ng

em
en

t N
um

be
r [

/m
s]
 

(a) Super-cooled Water Droplet 

(b) Ice Crystal 
Fig. 8  Surface Temperature of Droplet 

0 0.2 0.4 0.6 

260 

280 

300 

Time [ms] 

Te
m

pe
ra

tu
re

 [K
] 

Tf (Flow) 
T1 (Super-cooled Water)

0 0.2 0.4 0.6 

273.2 

273.3 

273.4 

280 

290 

300 

310 

Time [ms] 

Ic
e 

Su
rf

ac
e 

Te
m

pe
ra

tu
re

 [K
] 

Flow
 Tem

perature [K
] 

Tf (Flow) 

T1 (Ice)

Download service for the GTSJ  via 153.121.55.14, 2025/02/01. 

                         255 / 273



273 K

 
44.3

IWC = 8.0 g/m3 1 sec MVD = 20 μm
50 μm 2

 (w/ PC)  (w/o PC)
9

 
4.4

IWC = 8.0 g/m3 MVD = 50 μm
 (w/ PC)  (w/o PC)

10

 
IWC = 8.0 g/m3 MVD = 20 μm 50 μm

 (w/ PC)
 (w/o PC) 11 MVD = 20 

μm 50 μm

MVD = 50 μm 20 
μm

 

 

 
(1) 

 
(2) 

0 °C
 

(3) 

 
(4) 

 

Fig. 9  Blade Temperature at 1.0 [s] 

273.1 311.2 [K] 

(a) w/ PC (20 μm) (b) w/ PC (50 μm) 

(c) w/o PC (20 μm) (d) w/o PC (50 μm) 

Fig. 10  Ice Shapes at 1.0 [s] 
x / Chord 

-0.004 0 0.004 
-0.005 

0 

0.005 

w/ PC 
w/o PC 

y 
/ C

ho
rd

 

Fig. 11  Ice Mass 

0 2 4 
0 

5 

Exposure Time [s] 

Ic
e 

M
as

s [
m

m
2 ] 

w/ PC (50 μm) 
w/o PC (50 μm) 

w/ PC (20 μm) 
w/o PC (20 μm) 

Download service for the GTSJ  via 153.121.55.14, 2025/02/01. 

                         256 / 273



 
 

 1) Jeanne, G., Mason, J., Walter, Strapp, Philip Chow: The 
Ice Particle Threat to Engines in Flight, Proceeding of 
44th AIAA Aerospace Sciences Meeting and Exhibit, 
9-12 (2006). 

 2) Furuta, K., Yamamoto, M.: Numerical Simulation on Ice 
Growth in High-temperature Environment, Proceedings 
of ASME Turbo Expo, GT2014-25847 (2014). 

 3) Yee, H., C.: Upwind and Symmetric Shock-Capturing 
Schemes, NASA-TM-89464 (1987). 

 4) Fujii, K., Obayashi, S.: Practical Application of Improved 
LU-ADI Scheme for The Three-Dimensional 
Navier-Stokes Computations of Transonic Viscous Flows, 
AIAA Paper, 86-0513, also Journal of AIAA, 25, 
369-370 (1987). 

 5) Kato, M., Launder, B., E.: The Modeling of Turbulent 
Flow around Stationary and Vibrating Square Ccylinder, 
Proceedings of the 8th Symposium on Turbulent Shear 
Flows, 10-4-1-10-4-6 (1993). 

 6) Decang, L., David, W., Hammond.: Heat and Mass 
Transfer for Ice Particle Ingestion Inside Aero-Engine, 
Journal of Turbomachinery, Vol. 133, 031021 (2011). 

 7)  

Vol. 41, No.2, 
26-31 (2013). 

 8) Ozgen, S., Canibek, M.: Ice Accretion Simulation on 
Multi-Element Airfoils using Extended Messinger Model, 
Heat and Transfer, 45, 305-322 (2009). 

 
 
 

Download service for the GTSJ  via 153.121.55.14, 2025/02/01. 

                         257 / 273



42 2014.10 

 

JAXA  
 

Numerical Simulation of Fan Rotor Performance Change by Icing at Cruising 
*Mitsutoshi YAMAMOTO, Keita KAMAGATA, Makoto YAMAMOTO(TUS), 

Junich KAZAWA(JAXA) 
 

ABSTRACT 
Icing is a phenomena where super-cooled water droplets impinge and accrete on a body. Accreted ice on 

engine components can cause serious influence on aerodynamic performance. Many researchers have studied 
icing in aircraft jet engines, however, it is difficult to avoid adverse weather causing icing in the jet engine. 
Therefore, it is needed to design the engine whose performance does not deteriorate due to icing. For this 
purpose, numerical simulations of the icing process have attracted global attention. The current study aims to 
investigate the influence of an iced layer growth on aerodynamic performance of fan rotor blades. The 
simulation was performed by enhanced UPACS based on weak coupling and Euler-Lagrange 
coupling. The Messinger model was adopted for icing calculation part. In this paper, we 
investigated a time-series change of rotor blade performance due to icing and its mechanisms. 
Key words: Icing, CFD, Engine, Compressor, Fan Blade, UPACS, Messinger model 
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Numerical Investigation on Freezing Process of Super-cooled Droplet 
*Koichiro OSAWA(Tokyo Univ. of Science) and Makoto YAMAMOTO(Tokyo Univ. of Science) 

ABSTRACT 
Icing is a phenomenon that super-cooled droplets impinge on a solid surface and accrete on it. A lot of 

researches on ice accretion have been conducted because the icing phenomenon causes serious problems in 
various places. In these researches, it is possible to predict the area where the icing takes place, the change of the 
flow field due to the icing and so on. However, for the reason that there are many unknown physical properties 
of the super-cooled droplet, the detailed freezing process of super-cooled droplets has not been clarified yet. 
Tanaka et al. experimentally investigated the freezing process of a super-cooled droplet. However, it is very 
difficult to investigate the mechanism experimentally because of the small size, and to reproduce the same 
condition repeatedly. Therefore, in this study, we simulate the freezing process by the numerical simulation 
using CFD. The obtained results indicate that the simulation code which has been developed in the present study 
can reasonably reproduce the behavior of the droplet freezing up along the interface between the water and the 
air.
Key words: Multi-physics CFD, VOF Method, Icing, Multi-phase Flow, Heat Conduction 
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Initial Temperature of Gas Phase TG [K] 253.15 
Initial Temperature of Liquid Phase TL [K] 265.15 

Initial Heght of Droplet H [mm] 4.0 
Initial Diameter of Droplet D [mm] 4.0 

Latent Heat of Solidification Lf [J/Kg] 3.344×105 

Heat Transfer Coefficient h [W/(m2 K)] 10.0 
Surface Tension Coefficient  [N/m] 0.0756 

Table 1  Computational Condition 
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A Study on Disruption Patterns of Water Film Splashed into Air Flow

*Yu MATSUZAKI, Susumu NAKANO, Harumi TORIYAMA,
Youichi TAKEDA(Tohoku Univ.), Kunihiro SATOU(Tohoku Electric Power)

ABSTRACT

As a fundamental study on disruption of water film formed on blade surface of low pressure stage of 
steam turbine, disruption patterns splashed from a plate edge which is set in parallel air flow are observed by 
high speed camera. The experiments were done using air flow with maximum velocity of 127 m/s and water 
supplied by city water. Disruption patterns of water film change by air velocity and relative Weber number 
which is expressed by water film depth taken as the reference length. Disruption patterns of water film on a plate 
edge are quite different from those observed in single water droplet.

 
Key words: Water film, Droplet, Low pressure turbine, Steam turbine, High-speed camera
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Fig.14 Disruption pattern map of water film 
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