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ˏ 1ˋ� Ư̸ 

1.1� ŵź͓͚dfp�7ʓʎ2Ɛμ 
� ʓŋδ�ʜ18ɉȤŵź͓͚dfp�7Ϳʠ�ą͝#0�Jεȓȧ18

H-IIAδH-IIB4H;5S�d���^nr�ŶŻʢ5͢ʘ"K0�J�δɉ
�º7�^nr2#0 H3 �^nr�G;ƸĎŏS�d���^nr7Ϳʠ
� JAXA50̎MK0�Iδ(K)K 2020ƫƱ�G; 2016ƫƱ7ǡ,��
NʧǬ#0�J[1][2]ε˙ŉ18δÂ`frNŠI5#* Falcon9 � SpaceX
ʸ5GIͿʠ�͢ ʘ"K0�Iδ"H5Ťͳ͓͚NʧǬ#*ȏŏ Falcon Heavy
7Ϳʠ�̎͠¡1�Iδ2017 ƫ7ǡ,��NʧǬ#0�J[3]εɊƜ18δ
Arian5�͢ʘ"K̐αǡ,��ƣŗNƦƢ#0�J�δ2020ƫº»΅7ƣŗ
Nk�_nr2#0δÂ`frĎNʧǬ#*Ariane67Ϳʠ�̎͠¡1�Iδ
2020 ƫ7ǡ,��NʧǬ#0�J[4]ε 7G�5δ4�5 ƫß�H7̐αǡ
,��ƣŗ7ʑǆNʧǬ#δʓŋ7�^nr7 1/2 ˀƱ7�Â`fr�4ŵ
ź͓͚NʧǬ#*ȏ*4Ϳʠˍ«��ʜ1˱IƮ�HK0�Jε 
� ɉȤŵź͓͚dfp�7"H5ɉ7ƊȮŵź͓͚dfp�7ʯ˅Dɣʠ

Ď#0�0�JεNASA7ôȱ18δ͓͚`fr�ʓŋ7 1/1054-0Dŵ
ź͓͚7Ε̚NǪŤ%J¬81�4��δ1/100 54J2Ť̜Ɇ4Ε̚ŝą
�̛͗@KJ2"K0�J[5]ε"H5δƫ΀ĒȉɈ»�7ǡ,��N̎�ŗ
Į58δʓŋ7G�4É�õI�^nrGIDëÉʘŏŵź͓͚dfp�7

Ȑ�Â`fr24J2��ŖĶD�J[6]ε 7G�5δʓŋ7�^nrGI
D 1/100 ˀƱ7�"H5Â`fr�4ŵź͓͚NʧǬ#δƊȮŵź͓͚df
p�7ʯ˅��ʜ¡1̎MK0�JεJAXA 18δëÉʘŵź͓͚dfp�
7ʯ˅D˫ˬʢ5żȑ"K0�J [7][8]εɊ˙18 SKYLONβ̆ŉγδ
SpaceLinerβɊƜγδDream Chaserβ˙ŉγ437ƊȮŵź͓͚dfp�7ʯ
˅Dą͝#0�J[9]ε 
� @*δƊȮŵź͓͚dfp�18�Â`fr�1�J 22İβ5�ʕŜ

ͧĮǑβ]���γ�E�͢ʘǑ�Dͱ̝̚"K0�Iδ̗͞5Ťͳ7Vw

�[��ǋ̚4ɩÄɓˣ5šMIδɾĄʠΔGID CO2ǳóͳ�ƍ4�δʕ

Ŝ5Ü#�ʠΔʘʈȍ2#0Ťͳ5͓ã"K0�J�ɩĎťʃYfβLNG: 
Liquefied Natural Gasγ�EδƧɰ1ģǢǑ�G�δȾʌʚȮ7*C CO2ǳó

ͳ�i�1�IʕŜͧĮǑ�ά��zSWVkx����˿Ċ͋E�^nr

ʘʈȍ2#0ɞʧNɦ;0�J[10][11]ε"H5δ�^nrʘʈȍ+�14�δ
ʓŋ7ŵź͓͚dfp�7ŮČüǇ̔˲E̐αǶ̋͠2#0ʘ�HK0�

JɏǑ7ά�|s�e�˟Ƕ̋͠5šMJºȞʈȍβ]��������rγ
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7ʯ˅DʥO5̎MK0�JεJAXA 1Dȧ̸ȋ50Ƿ͑%J�HAN
βHydroxylammonium Nitrateγ�Nʘ�J]��������r7ʯ˅N̎-
0�IδɊƜ18 ECAPSʸ� ADNβAmmonium DiNitramideγ˟]����
����rNʘ�*̐αǶ͠dfp�NͿʠ#δƌŏ̐α5ǽ͑"K͢ʘN

ŬC0�J[12]ε@*δ̇ ŉ1D HAN˟]��������rNʘ�*̐α
��Srż̨̪Ϋ� 2017ƫΞ5̢ʛ"K0�J[13]ε 
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1.2� ]��������r7ʓʎ 
� ʓŋ7ŵźɈ�HƊȮŵźɈ<7͎ǹ5¿�δŵźɈ5ʘ�Jʈȍ7Λȏ

D͇ I..�Jε�^nrʘʈȍ5.�08GI�Â`fr�1�ģǢǑ

5ÜKJ�ʀĎɓˣ˟ʈȍ�ɞʧ"K0�Jε@*δ̐αǶ͠˟E�^nr

7ŮČüǇ̔˲5ʘ�HK0�J|s�e�˟7Ƕ̋͠8δɏǑ7Â�]�

�������r5šMI..�Jε1.1Ο1ʷ#*G�5δ]������
��r2#0�LNG�δ�zSWVkx���δ�HAN�7ʯ˅�ɣʠ5̎
MK0�J�δ(K)K7ʓʎ5.�0»�5ʷ%ε 
 
�LNG� 
� LNG�����������I������������������
���������������������������������

���������������������������������

�������������������������Ƕ͠ā7Ó̖2#

0δLOXζLNG����Ώ@-0�IδżʘĎ5B�0b��PQkn\E
`�Z�]437ǣ̵̏΢Náλ%J*C7ʯ˅�͠CHK0�J

[14][15][16][17][18][19][20][21][22]ε 
 
�zSWVkx��� 
�   ȉĒƫ7΀δɄ�4ˁΤ7ʀĎɓˣʈȍ�ŵźɈ5ÉMK0�*εȟ

͘18δ�Â`fr�2�ʕŜͧĮǑ�2��ȏ#�̩Ì͏7ͱ̚Ǒ�ŝ#

0�Jε 7G�4ʎɚ5��0δzSWVkx����^nrʈȍ2#0

ɞʧ"K0�JεzSWVkx��8ɏǑ�Â�δƧɰ17Ïű�ħ˺1�

J 2�HδģIǢ��ƀȗ1�Jε"H5δzSWVkx��8˿Ċ͋ʘ

ʈȍ2#0Ʈ�ÉMKJG�54-0�0�IδÂ`frʖʗŒʦ7ȊØ�

̎MK0�Jε@*δzSWVkx��Nʘ�J�^nrV�e�̢̥5̓

%J*C5δLOX/zSWVkx���^nrV�e�ʈʄł7ʇ¾ͥʍǑ̩
Ì5΁%Jʯ˅Dŉé1̎MK0�J[11]ε 
 
�HAN� 
� �^nrE̐α7ŮČüǇ̔˲EǶ͠dfp�8|s�e�43ɏǑ7

ά�ʈȍNģIǢ�*CδǶ̋ÞśÆɀ8ǡ��Ɖŗ5��0ȟDęΉ4Æ

ɀ7�.1�Jε(KF�δǶ̋ÞśÆɀ7Æɀ˵8f^��f�o2��

Ï̾ʫNʫʘ#0�Jε 7ÆɀNGIŶä�.ƀȗ5#δ"H5�^nr

E̐α52-0GIĉʒʢ4Ƕ͠dfp�NǸË%J*C5δ|s�e�5

ºMJ�]���Ƕ̋͠�7ʯ˅�ʥO5̎MK0�JεŵźǶ͠dfp�
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7ʈȍ2#0δHANEADNN��f2#*ɭĮɶɩ43δɄ�4ˁΤ7άV
w�[�ʌͅ�ʯ˅"K0�*[12][13][23][24]ε KH7άVw�[�ʌͅ
74�1ʍ5δȓȧ18άǑ˺2ÂɏǑ�Ȥǃ1�JHAN2ANβAmmonium 
Nitrateγ7ɭĮɶɩNʘ�J]����x�����r5΁#δʈʄ�Xu
g�̠Ȗ5΁%Jʯ˅EŶä̩Ì5̓%J*C7̑ǿǘƱ437Ʉ�4Œ

ʶq�kģǆ�ɣʠ5̎MK0�J[25][26][27]ε@*δ̇ ŉ18HAN2HEHN
βHydroxyethylhydrazinium nitrateγ7ɭĮɶɩδɊƜ18ADN2Q��uQ
7ɭĮɶɩ5GJ]����x�����rNʘ�*f�fkͿʠ2̐α

Ƕ͠˟17żʘ̢ʛ�͠O1�J[12][13]ε 
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ˏ 2ˋ� ʯ˅ɂ̚ 

2.1� zSWVkx��7b��PQkn\Ġ;`�Z
�] 

2.1.1� b��PQkn\Ġ;`�Z�] 
� LNGNîĚā2%JëʖîĚŏ�^nr�����Ϳʠ�f\Âɯ7*
CδJAXA8ëʖîĚ LNG ����ʍȡ7ǣ̵̏΢Nǧó#δƊȮ7ǣ̏
ŒʦɃ˗D̛Ǳ�ĭˁ7̚ˣ̪ΫNżȑ#*[21]ε(7ͱ̵̚΢2#0δb
��PQkn\E`�Z�]�ǭ����[28][29][30]ε 
� b��PQkn\8δ�^nrV�e�7ëʖîĚɵ5��0δʈʄŞN

îĚ%Jʈȍ7¡7ʲίô�ʈʄŽͷĮʹN˻Φ"'Jʓ̀1�IδîĚɵ

17ŊĄΔũŝąEʇ¾ͥÍȉ7šĎ43V�e�dfp�5ǔƽΜNĠ

?%εV�e�ʈʄŽîĚɵé7b��PQkn\ͣˀǶŻ�Xug�NŇ

2-15ʷ%ε@*δ`�Z�]8ëʖîĚɵéExg�l��îĚͬˑ1ʀ
Ďɓˣʈȍ�ʇô̠N͇ #ʀˣ�ȱó#ɤ͉ŞΚ5ŕ˂%Jʓ̀1�Iδ

V�e�dfp�5ǔƽΜNĠ?%εV�e�xg�l��îĚͬ17`�

Z�]ͣˀǶŻ�Xug�NŇ 2-25ʷ%ε 
� LNG7b��PQkn\Ġ;`�Z�]7ͣĞ7ʯ˅5.�0ȋʐ[16] 
[17][20]7ɂ̚Nʷ%ε  
� ȋʐ[16][20]7 LNG��	����������������ǝǎ"KJ
ʈʄŽîĚɵf��rͬNǖŻ#*ƺʎ7Ë̪ÄNżɈʈʄŽ7ˣȪÓ̖

βOMC������������������������������
����ɰƱδɤÄ'OȎĄˑγ5GIb��PQkn\7ƽΜN̩Ì#*ε 
� ͷĮʹβOMCγ7Ë̪Äͬ8żɈ7ʈʄŽîĚɵNɆȂ#0�Iδéǂ�
2mm×ͼ" 150mm���ε¡Ǌ7 100mm����������������
�ąʇ"KJ. b��PQkn\8ɍȪ7V��e���`��e��5G
Iʠʖ%J2ǶŻ"K0�J[28]*CδV��e���`��e��7ͣˀ
Nȃͮ%J2˴�HKJîĚāÖ7ŞΚɰƱδîĚɵ̓Κ7'OȎǍĄδH2S
ɽƱ5΁#0δ(K)K 491�729Kδ509�1094Paδ1.5�5.0ppm7˖ņ1̪
ΫN̎�δb��PQkn\7ʠʖȡʂ�G;ŊĄΔũEʇ¾ͥÍȉ<7ƽ

ΜN̩Ì#*ε  
� ̪ΫǄË̪Ä7ȎΚǪŤìʪNŇ 2-35δEMPAôȱ˨ȴNŇ 2-45ʷ%ε
ŞΚɰƱ�ά�^�f1ɤ͉7;ř�ʴ̰"K*ε@*δôȱ˨ȴ�Hb�

�PQkn\7̭˥��hfNǶŻ#*˨ȴNŇ 2-55ʷ%ε"H5δŞΚ
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ɰƱ2ʲĎʌǞôôŊ5΁#0ȧ̪Ϋ7˨ȴ2¸7ȋʐ[28][31]2ɐ͐#*
˨ȴNŇ 2-65ʷ%ε 7Ň�Hδ����������	
���
���
����������������������	���ôŊβɽƱγ7ǘ

Ʊ8Â� 2Nʷ#*ε 
� ȋʐ[20]7̪Ϋ5GIδȉ ppm7 H2S��������	
������
������������������������øȖ#*εG-0b�

�PQkn\΄ɋ˓2#0δȋʐ[31][32]����������������
GJb��PQkn\΄ɋ˓7ĉȴʴ̰N̎-*ε̪ΫǄË̪Ä7ȎΚǪŤ

ìʪNŇ 2-75δEMPAôȱ˨ȴNŇ 2-85ʷ%ε(7˨ȴδʲίô7̓Κ
<7ƽΜ8ƌ"�δ�����������������	
���
��

�ǥü"KJ 2�ô�-*[17]ε 
� �����̪Ϋ18δɤ͉ŞΚ7ˣȪ¡7 Ni�������������
������������ŖĶ"K0�J 2�H[33]δȋʐ[20]�����
�������	����
���
îĚͬNǖŻ#*Ë̪ÄNżɈ7ˣ

ȪÓ̖(Inconel 600)�������������������������
���ʠʖȡʂN̩Ì#*ε 
� Inconel6007Ë̪Äͬ8żɈ7xg�l��îĚͬNɆȂ#0�Iδ�8.5�
mm×150mm���ε(7¸7ͬô8b��PQkn\̪Ϋ̔˲2æ͜1�J
�δ`�Z�]̪Ϋβ58�k�Yf5 H2SYfNɭĮ'&άˢƱ�k�Y
f7AÉʘ#*ε`�Z�]8�k�Yf¡Ġ;Ë̪Ä̓Κ17ʇô̠ġǍ

5ȃͮ"KJ2ǶŻ"KJ 2�HYfɰƱ2îĚāÖ7ŞΚɰƱ7 2.7
{���k5΁#0(K)K 418�517Kδ896�950K5��0`�Z�]ʠ
ʖȡʂN̩Ì#*ε 
� ̪ΫǄ5Ë̪ÄN¡Ǌ͏5ƪ̎5õȎ#*2�7ìʪNŇ 2-95δ��Κ
7 SEM�� EPMAôȱ˨ȴNŇ 2-105ʷ%ε KHGIδ�������
������
�	��ʠʖ#0�4� 2Nʴ̰#*ε 
� LNG»Ţ7ʀĎɓˣʈȍ7ʯ˅18δ RP-1δn-sqX�δ��{�δ�
k�437ʀĎɓˣʈȍ���.�7ˁΤ7ʹƑȪȍ2ǵ̡%JŗĮ7b

��PQkn\ƽΜ5.�0δ1ppmˀƱ7ʲίô1Db��PQkn\�
ʠʖ#*2ŖĶ"K0�J[28][29]ὲ �Z�]5.�08δ��{�17`

�Z�]ʠʖɰƱ΃Ô5΁%JŖĶ[30]��Jε@*δzSWVkx��5
΁#08δͷĮʹEun^�Įʹ27ȪȍͧĮǑ5΁#δzSWVkx��

7ɤĊN¿M4�Θʢ4άɰβ500K, 750Kγ�άŊβ10�19MPaAγʕŜ1
7̪Ϋ1Ë̪Ä7ͷĮʹEun^�Įʹ̓Κ5ʲίô�ȿó"K*27Ŗ

Ķ[34]��J�δV�e�ÆĊNɆȂ#*άɰ�άŊ�.zSWVkx��
żɤĊʕŜ17b��PQkn\E`�Z�]5΁%JŖĶ8AHK4�ε 
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Ň 2-1 b��PQkn\ͣˀǶŻ�Xug�βʈʄŽîĚɵéγ 
 

 

 

 
 

Ň 2-2� `�Z�]ͣˀǶŻ�Xug�βxg�l��îĚͬγ 

Tearing Rust
by Flow Shearing Stress

Combustion
Gas

2Cu + H2S � Cu2S + H2
2Cu + CH3SH � Cu2S + CH4

etc…

Heat

Cu Cu
Inner Wall Temperature

of Coolant Side Tw

FLOW
CH4
H2S

CH3SH
etc.

Chemical Reaction
to Form Copper Sulfide

H2S

�	��

(1) 0/1�'����� ���&�� 

(2) �%���	�%'����&(*���2Cu2S3-
�2����3 

(3) 
�"$��� ��#.��&(*�!�),+2����3 

$#%�

CH4�"�

���"������

CH4 ��C + H2 etc. 
CH4�"�


�����(!'�& )�

�	�����
����	�


�����

(1) ������	��������� �!�	�� 

(2) 	����
����
����������#�"�!�$ 
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Ň 2-3� ΚǪŤìʪ(Ë̪Ä¡Ǌ͏2ƪ̎4ȎΚ) 

βóèλȋʐ[20]Ň 6γ 
 

 
Ň 2-4�  EPMAôȱ˨ȴβË̪Ä¡Ũͬγ 

βóèλȋʐ[20]Ň 7γ 
 

SA-107 (730K) SA-109 (600K) SA-110 (660K) SA-108 (730K)

H2S���

����

�� ���	

H2S�4.7ppm
����

H2S�4.8ppm
����

H2S�5.0ppm
����

�	
������


C

S Cu

O

S Cu

O

S Cu

O Cr

���

�

�

C

SA-109 (600K) SA-110 (660K) SA-108 (730K)

H2S�4.7ppm

���

H2S�4.8ppm

���

H2S�5.0ppm

���

��������
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Ň 2-5� b��PQkn\7̭˥��hf 

βóèλȋʐ[20]Ň 11γ 
 

 
Ň 2-6� ¸7ȋʐ[28][31]27ɐ͐ 
βŞΚɰƱ vs ʲĎʌǞôôŊγ 

βóèλȋʐ[20]Ň 14γ 

Ø #�
-98BNI=>FG@5��JOED 
 
 
 
 
 
�
�

Cu	

H2S 

�9�


�HMKRF�
Tw)τw 

Cu	
Cu2S 

�9�

H2S 

%�
�"�

((%�!,�	��467���SCu2ST4�:98S�µmT* 

Cu	
Cu2S 

�9�

&�
	 �

((((((((((((((((((((($�
((&0<��467Cu2S,��;�23	 /8* 

			Cu	
Cu2S 

H2S 

�9�

'�
X[WZ]V\UY[WZ]V\�

((((((((((((((((((((($S�.+��!,�98T 
(('	 .1���,?ORCLPQAORCLP;��-08* 

 

 �

 ��

 ���

 ����

��� ��� ��� ��� ��� ��� ��� ���
�0����	�

4
�
�
�
�
�
1
��



�

AIAA88-3215

AIAA90-2119

���

274 sec
��

1800 sec
������

585 sec
��

1800 sec
	����

1251 sec
��

2820 sec
4 ~ 12 % ��

1953 ~ 2820 sec
1.6 %�� ~ ��

2820 sec
��

���



�����

or
�������� [%]

2820 sec
150 %��
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Ň 2-7� ʹ�nZË̪Ä7̪ΫǄË̪ÄȎΚŢ̟̟ƃ 

βóèλȋʐ[17]Ň 6γ 
 

 
Ň 2-8� ʹ�nZË̪Ä7̪ΫǄË̪ÄȎΚ EPMAôȱ˨ȴ 

βóèλȋʐ[17]Ň 7γ 
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Ň 2-9� ̪ΫǄË̪Äé̓Κìʪ 

βóèλȋʐ[20]Ň 18γ 
 

 

 
Ň 2-10� ̪ΫǄË̪Äé̓Κ SEMĠ; EPMAôȱ˨ȴ 

βóèλȋʐ[20]Ň 18γ 
 
 
 
  

����

MuchLess ���
��

MuchLess ���
��

SEM C

Ni

O

Cr Mn
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2.1.2� ʯ˅̵΢Ġ;ʧʢ 
� zSWVkx��8δ2�DL #δ0O"�δ˙437ȾʌʚȮ7ȡɈ

ʌ�H̗͞"KJεȾʌʚȮ7ȡɈʌ1�JzSWVkx��8δ�^nr

V�e�7ʈʄŽͷĮʹN˻Φ"'Jʲί�ˢʌNĴȡ#0�Jε"H5δ

`�Z�]DʀĎɓˣʈȍ5æ͜%Jͱ̚4̵΢7:2.1�JεG-0δ

zSWVkx��5΁#0D LNG2İɄ5δëʖîĚV�e�17ÉʘN
ǖŻ#*άɰ�άŊʕŜ�17b��PQkn\�G;`�Z�]7ƽΜN

̩Ì#δ�Xug�N̠Ȗ%J 2Nʧʢ2#0ȧʯ˅Nżȑ#*ε 
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2.2�  HAN/AN/�kx��/ɓ7ɭĮɶɩ7ŶäǑ̩Ì 
2.2.1� HAN˟Ƕ̋7ʍǑ 
� HAN8|s�e�GIDɏǑ�Â�δ�]��������r�2#0ʯ
˅�ˬ�HK0�Iδf^��f�o4#17W���d��βŇ 2-11γ�
Ȥǃ"K0�Jε(7��δ|s�e�GIDɐǶĄ�ˡ 10-20%ά�δƂƱ
8ˡ 1.4Òά�*CδǶ͠˟dfp�7ƌŏĎ�ħ˺1�Iδ"H5ñňʁ
DÂ�|�k7ǽ͑ȉEÉʘΔĄ7ÿɯ5Ɓ�1�J[35]ε KH7úʁ�
HδHANN��f2%JǶ̋͠8|s�e�ºȞʈȍ2˴�HK0�Jε 
� �Ȑ1δˢ˛4 HAN7˯ʈʄ͝ƱβʈʄΚ5Ŏʨ4ȐĲ5��Jʈʄ͝
Ʊγ8üǇ1�4�>3ά�ε(7ġǍǑNǥü%J*C58δ¸7ʌͅ2

7ɭĮɶɩ2#0ʘ�J 2�ȡĉ1�J 2�øȖ#0�Iδŉé18ċ

͊H�δ˯ʈʄ͝Ʊ�ɐ͐ʢ˃E�1[23]δɐǶĄ�ƂƱɐǶĄ437Ǒ˺
�ÜKδ̡ů27ġǍǑ�̃�2"KJ HAN/ʱͯQ��uT�βANγ/�k
x��/ɓ7ɭĮɶɩ5ʫʧ#δʈʄʍǑ2ʈʄ�Xug�5.�0ʯ˅N̎
�[36][37]δŇ 2-125ʷ%G�5�kx���˯ʈʄ͝ƱÂ�5Ɓ�%J 
2Nʷ#*ε@*δ 7ɭĮɶɩ5.�0ʠ�OǑE˧Ǟ7ͦ�5GJʉ͔

˖ņβŇ 2-13γδʉ͔Άʜǂδŉ͓͚̪͟Ϋ43ŶäǑ̩Ì5΁%JŒʶq
�k7ĢΏ�̎MK0�*[38]ε 
 
 

 
Ň 2-11� ̐αǶ̋ÞśÆɀÊ 

βƞλ|s�e�δĪλ]��������rγ 
 

Propellant loading onto satellite 
with SCAPE suits 

(Hazardous operation)�
Without SCAPE suits 

(Non hazardous operation)�
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�  
Ň 2-12� HANɭĮɶɩ7˯ʈʄ͝Ʊ 

βóèλȋʐ[20]Table1, Fig.1γ 
 

 
Ň 2-13� HANɭĮɶɩ7ʉ͔˖ņ�n� 

βóèλȋʐ[38]Fig.2γ 
 
 
  

 

���

���

���

���

���

��	

��


���

���

��


���

��
��

��
��

��
��

��
��

��
�	
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��
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��

�
��
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��

/ 7%95 !�

���

�
�

���

���

���

���

�
�

� 7%! 5%�D7

1&A"�6�!&A�� 7%! 5%�D7

0 !%�� 7%! 5%�D7

��0	�0
2 5%7#

1"76�8�6�.� "&�A7��3A4

Higher specific 
impulse than 
Hydrazine with no 
detonatability

Detonatability was 
observed at higher specific 
impulse

Fundamental data 
for detonatability
was obtained.

���

���

���

���

���

��	

��


���

���

��


���

��
��

��
��

��
��

��
��

��
�	
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��

��
��

��
�


��
��
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��
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��
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��

�
��

�
��

�
�	

�
�


�
��
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��
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�


�
��

/ 7%95 !�

���

�
�

���

���

���

���

�
�

� 7%! 5%�D7

1&A"�6�!&A�� 7%! 5%�D7

0 !%�� 7%! 5%�D7

��0	�0
2 5%7#

1"76�8�6�.� "&�A7��3A4

Higher specific 
impulse than 
Hydrazine with no 
detonatability

Detonatability was 
observed at higher specific 
impulse

Fundamental data 
for detonatability
was obtained.

Detonation
Partial Reaction
No Detonation

SHP163SHP265
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2.2.2� ʯ˅̵΢�G;ʧʢ 
� HAN/ʱͯQ��uT�βANγ/�kx��/ɓ7ɭĮɶɩ8δ2.2.1Ο7G
�4ʯ˅8̎MK0�*D77δŶä5úʘ1�JɰƱ�ŊĄ�΄̾Ǡɛˑ

7͢ʘφ¼N̜Ż%J*C5ǋ̚4q�k�G;̩Ì�ƍ4�δɭĮɶɩ¡

7ĭǞô�˯ʈʄ͝Ʊ5Ġ?%ƽΜDä0̠Ȗ"K0�H&δż͢ʘβ5Ŷ

äüǇN̎�*C58δ"H4J̶ȵ�ǋ̚1�Jε 
� G-0δȧʯ˅5��0δHAN/AN/�kx��/ɓ7ɭĮɶɩ7ŶäǑN̩
Ì%J 2Nʧʢ2#0δf^��f�o̚ĳ7øȎȪȍ24JɏǑ5΁%

J�f\Qhf��rδģIǢ�β5ǋ̚4ǕŖ1�J̑ǿǘƱ̩Ìδ"H

5ʇô̠ɰƱ�Â�%J�Xug�7̠ȖδɭĮɶɩ¡7ĭǞô�˯ʈʄ͝

Ʊ5Ġ?%ƽΜ̩Ì2�Xug�7̠ȖN̎-*ε 
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ˏ 3ˋ� zSWVkx��7άŊʕŜ�17 
� � � � b��PQkn\Ġ;`�Z�]ʍǑ 
� � � � 7̠Ȗ[å̤̓ͺ 1(2), 2(1)(2), 3(1), 4(7)] 

3.1� 8$C5 
� ȧʯ˅5��0δżΌ7V�e�1Éʘ"KJħ˺Ǒ��J˖ņNǖŻ#δ

άɰ�άŊˑ7φ¼50b��PQkn\2`�Z�]7ƽΜ5.�0̓Κ

ʎǙδʇ¾ͥÍȉδƆĺˑN̩Ì#δV�e�Ǒ˺5ƽΜN��JńŰ5.

�0˴ƃ#*ε"H5δV�e�dfp�Ǒ˺̠ȱN̎�δb��PQkn

\�G;`�Z�]�V�e�ëÉʘŃȉ<��JƽΜ5.�0D̩Ì#

*ε 
� 4�δȧʯ˅8�ͬ7̪ΫNΈ�δJAXA2Ž̍ƝɀŤŴ7æİʯ˅50
żȑ#*ε 
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3.2� ʈʄŽîĚɵ<7ƽΜ̩ÌĠ;ʓ̠̀Ȗ 
3.2.1� ̪Ϋ̔˲2̪ΫȐɛ 
̪Ϋ̔˲7ɂ̚δìʪĠ;˟˪ŇN(K)KŇ 3-1δŇ 3-2Ġ;Ň 3-35δ

̪ΫË̪ÄNŇ 3-4 5ʷ%εzSWVkx��8ªʇ"K*zSWVkx�
�k�\�HË˩"KδË̪Ä5ûͥ%JĀ5ʧʢ7ɰƱ@1ªʇłβ3.4kW
�2Ĩλàɠb��dfp�ʸ̗ KTF050N1, 2kW�1Ĩγ1ąʇ"KJεË
̪Äͬ7Ȫȍ8ͷβSMC: Cu 99.04%, Cr 0.9%, Zr 0.06%γ�G;un^�Įʹ
βInconel 600: ¤Ǟô Ni 74.47%, Cr 15.63%, Fe 8.75%γ1�IδV�e�ʈʄ
ŽîĚɵNɆȂ#*éǂ φ2mm×ͼ" 150mm7˄�ˆ�0�Jε 
Ë̪ÄŞΚɰƱ8 150mm7¡ǊÁ˲1δéÖ7˄7ŞΚ�H 2mm7Á˲

1 KŏʇΔƅ5GIŞΚɰƱN̢ɱ#*εɤÄɰƱ8Ë̪Äͬ7ãĥĠ;ó
ĥ¹͘7ɤ͉é5Ǯã#* KŏʇΔƅ5GI̢ɱ#*εË̪ÄãĥĠ;óĥ
7ŊĄ8άŊʘŊĄh�bβæĻΔɀʸ̗ PHB-A-10MPγNʘ�0̢ɱ#*ε 
zSWVkx��8k�\7�ɤ�HˈˣYf5GIąŊ"KŊ͚"K

Jε@*δË̪Äͬ8óĄ 12kW 7͆Ţ˯|�kβQ�zn\ʔƝʸ̗

VHT-E64γ5GIąʇ"K0�Jε 7̪Ϋ̔˲8Ë̪Äãĥ17ȟŤŊĄ
7MPaGδË̪ÄŞΚɰƱ8ȟŤ 900K @1żʓħ˺1�IδV�e�ÆĊφ
¼5͘�ʎɚNɆȂ1�Jε 
ȧ̔˲1żʓħ˺4Ë̪Äãĥͬ17�Sx�gȉ2Ë̪Äͬ7ƪōʇ

ɤȬ8(K)Kβ3.1γƴ�G;β3.2γƴ50̢˔1�δË̪Äͬãĥ7z
SWVkx��ŊĄ 7MPaGδɤͳ 5g/s72�7̢˔˨ȴNŇ 3-5δŇ 3-65
ʷ%ε�Sx�gȉ8 104�H 105W�l�1�IδË̪Äͬ17ɤK8©ɤ

2˴�HKJε@*δʇɤȬ8 2MW/m2�H 7MW/m21�J�δżΌ7ʀĎ

ɓˣ˟�^nrV�e�18ȉ MW/m2βʈʄŽƪ̎ͬγ�Hˡ 90MW/m2
βf��rͬγ1�I[39]δȧ̪Ϋ7ʇɤȬ8żɈGIDÂ�ε 
̪Ϋφ¼N̓ 3-15ʷ%εʈʄŽîĚɵ17b��PQkn\2`�Z�

]N̶ȵ%J*Cδȧ̪Ϋ18βηγË̪ÄŞΚɰƱδβθγË̪Äãĥ7

zSWVkx��ɰƱδβιγĴȡʲίɽƱδN{���k2#0̥Ż#*ε

ŊĄ8�Ż2#δ̪Ϋβ΀8V�e�7�nd��q��pRbS\�N

500ʾ2ǖŻ#δ(7 4Ò1�J 2,000ʾNŒḁ̇Ż2#*εS0057άɽƱ
ʲίƽΜ̩Ì̪Ϋ18δzSWVkx��5e�m�ef��RsNɮą#

0äʲί1�G( 100mg/kg 24JG�5̶Ȋ#δάɽƱzSWVkx��
βBE No.100γ2#0Éʘ#*ε 
̪ΫǄδË̪Ä8Ň 3-4(b)7G�5õȎ"KδEPMA(Electron Probe Micro 

Analyzer, ȓȧΔŰʸ̗ JXA-8900R)ôȱδSEMβScanning Electron Microscope, 
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ȓȧΔŰʸ̗ JXA-8900Rγôȱδ��w�ʳ" HBβBrinell HardnessδÃ̌ŀ
¬ʸ̗ DHT-100γδ̓Κ˜"β�or�ʸ̗ SJ-400γ437ôȱN̎-*ε
@*δË̪Ä�ɤ7�R�k1ǰǯ"K*ʀĎʌ5.�0 XRDβX-ray 
diffractometer, Rigakuʸ̗Multi Flex-120NPβ̔˲γ, JADE6.0βj�rγγô
ȱN̎-*ε 

 
 

 
Ň 3-1� ̪Ϋ̔˲ɂ̚ 

 
 
 

 
Ň 3-2� ̪Ϋ̔˲ìʪ 

 
  

Specimen� Pre-Heater�

Atmos 
pher�

Tank� GN2�

atmospher�

�

��

���	�	�������� Pre-Heater�
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 (a)� ̪Ϋβ 

 
 

 
(b)� ôȱβ 

Ň 3-4� ̪ΫË̪Ä 
 

Upstream	
(EPMA,	HB)�

Middle	
(EPMA,	HB)�

Downstream	
(EPMA,	HB)�

Upstream	
(Roughness)�

Downstream	
(Roughness)�

Flow�

127	mm�127	mm� 150	mm�

φ2	mm� φ8	mm�

Thermocouple�Thermocouple�

�
	�	����

������
���

����

����

��	� ���
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Ň 3-5� żʓħ˺�Sx�gȉ 

                  βË̪ÄãĥŊĄ 7MPaGδɤͳ 5g/s7ŗĮγ 
 
 

 
Ň 3-6� żʓħ˺ʇɤȬ 

     βË̪ÄãĥŊĄ 7MPaGδɤͳ 5g/sδɰƱ 520K7ŗĮγ 
  

0.0E+00	

2.0E+04	

4.0E+04	

6.0E+04	

8.0E+04	

1.0E+05	

1.2E+05	

1.4E+05	

1.6E+05	

1.8E+05	

300	 400	 500	 600	 700	

�


�
�


�
	[-
]�

�
������		�����	[K]�

0	

1	

2	

3	
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	�������
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̓ 3-1� ̪Ϋφ¼ 

 
 

 
 

       �   !" = !∙!∙!"
!                    (3.1) 

 

       �   ! = !∙!!∙(!!"#−!!")
!!               (3.2) 

 
  

Pressure

[MPaG]

S001 SMC 7.0

S002 SMC 7.0

S003 SMC 7.0

S004 SMC 7.0

S005 SMC 7.0

I002 Inconel 600 7.0

I003 Inconel 600 7.0

I004 Inconel 600 7.0

I005 Inconel 600 7.0

Test name Material of
specimen

Inner wall
temp. range

Inlet bio-
ethanol

temp. range

Accumulate
test duration

[K] [K] [s]

900 - 475 500 - 420 2000 A-3

800 - 600 750 - 550 2000 A-3

600 - 465 520 - 410 2000 A-3

750 - 465 480 - 410 2000 A-4

750 - 450 500 - 400 2000 100

750 - 470 520 - 430 2000 A-4

900 - 500 500 - 400 2000 A-4

850 - 500 800 - 400 10000 A-4

600 - 540 490 - 410 2000 A-4

BE No.
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3.2.2� zSWVkx��̪ȍ 
� ȧ̪Ϋ1ʘ�JzSWVkx��5Ĵ@KJʲίɽƱôȱNʗɀǣ̏ˮ

Įʯ˅ǟβAISTγ50̎-*εJIS K 2541-6 (ĜɘĠ;ʮɘ̗ļ�ʲίô̪Ϋ
Ȑɛ�)5Œ/�δǈͳʲίôȱ̔ β˲�̈ĎŴQt�pn\ʸ: TS-100V�G
; TRU-100γNʘ�0δ̪ȍ5Ĵ@KJˁ�7ʲίĎĮʌ7ʲί7ˮͳ1�
Jäʲί7ôȱN̎-*εôȱƅ̀7zSWVkx��8̓ 3-2 5ʷ%G�
5δ2 .7Ɲŗ1̗͞"K*D71�Iδ�Ȑ8�nr�ʞ4JD7Nôȱ
#�R��sq�kNģǆ#*ε(7˨ȴδôȱ#*zSWVkx��5

8 0.241�0.612 mg/kg7äʲί�Ĵ@K0�J 2�ȖH�54-*ε4�δ
ȧ̪Ϋ18 KH7�, A-32 A-4N̪Ϋ5Ë#*ε 
 
 

̓ 3-2� zSWVkx��5Ĵ@KJʲίɽƱ 

 
 
  

Ethanol Concentration of sulfur
>99.5 w.t.% [mg/kg]

A-1 OK 0.612
A-2 OK 0.409
A-3 OK 0.418
A-4 OK 0.241
B-1 OK 0.560

Sample No.
(Plant-Lot)
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3.2.3� ˨ȴ2˴ƃ 
3.2.3(a)� ŊĄ�ɰƱ̢ɱ 
� ŊĄ2ɰƱ7̢ɱ˨ȴ7�ÊβS002γNŇ 3-7 5ʷ%ἐ 3-1 7̪Ϋ^�
f7¡58δʈȍk�\7ƀͳüˡ�Hδ2,000 ʾN̘ȉŃ5ô�0̪Ϋ#
*^�fD�JεË̪ÄãĥŊĄ837̪Ϋ^�fDɂ6 7.0MPaG5˭ǫ"
K0�JεŇ 3-7(b)7�Ê1ʷ"KJG�5δË̪Äͬô7;ř5GJŊĄ
Δũ7ȡǗ4ŝą8ʴ̰1�4�-*ε4�δVkx��7˾ʜŊĄĠ;˾

ʜɰƱ8(K)Kδ6.14MPaG 2 513 K 1�I71δȧ̪Ϋ7%=07φ¼
8˾ʜŊĄ»�1�Jε#�#4�HδË̪Äãĥ7zSWVkx��ɰƱ

8̪Ϋ¡5΅��̛HK*ε K8δªʇł7͆Ţ˯|�k7óĄ�ƌ"�δ

ɤKJzSWVkx��NǟŻ7ɰƱ5˭ǫ%J*C5ǋ̚4V�k�~

�N��J 2�1�4�-**C1�Jε  
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(a) ɰƱ���PS� 

 

 
(b) ŊĄ���PS� 
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3.2.3(b)� ôȱ�G;̢ɱ˨ȴ 
̪ΫǄδË̪Ä8¡Ǌ͏5ə-0õȎ"KδEPMA ôȱδʳƱôȱδ̓

Κ˜"̢ɱN̎-*εI0041Ë̪Ä�ɤ7�R�k1ǰǯ#*ʀĎʌ5.�
08 XRDôȱN̎-*εîĚɵɆȂͬ7¡ǊÁ˲17 EPMA5GJΚôȱ
˨ȴβ30µm×30µm: 300pixcels×300pixcelsγNŇ 3-8(a)(b)5ʷ%ε%=07
EPMA Κôȱ˨ȴ5��0Ɂǈͳ7ʲίô�̢ɱ"K0�J�δŇ 3-8(a)7
άɽƱʲί^�f S005 7Ë̪Ä5��J˨ȴDʲί5ǵ̡#0�4���
�\2İ���1ȿó#0�JεʀˣǞô8%=07 EPMA˨ȴ5��0̢
ɱ"K0�Iδʍ5Ň 3-8(b)7 I0045��0ʍ5Ƹ�ÐīNʷ#0�Jε4
�δΚôȱ18ôȱ˞Ʊ�Â�ħ˺Ǒ��J*CδŻͳʢ4̩Ì8ʁôȱ5

0̎� 22#*εîĚɵɆȂͬ7¡ǊÁ˲17ʲίǞô2ʀˣǞô7ʁô

ȱβ1pixcel×1pixcelδĭË̪ÄN�ɤ�Hōˑ5 5ôă#*(K)K7¡Ǌʁ
5 ʁN̢ɱ#*ƪōÔγN̎-*˨ȴNŇ 3-8(c)(d)5ʷ%ε(7˨ȴδS005
18 5.6 wt.%ʲίôδI00418 89.0 wt.%7ʀˣǞô�ȿó"K*ε 

I0045��0Ë̪Ä�ɤ1ǰǯ"K*ʀĎʌ7 XRDôȱ˨ȴNŇ 3-95
ʷ%εôȱ˨ȴ7ɝƺ8δC17H26N4O8D#�8 C15H12N2O37Xk�]ɝƺ2

ɐ͐ʢ͘� 2�M�Jε KGIδǰǯ"K*ʀĎʌ8ʀˣδɓˣδͯ ˣδ

ˈˣ�HǞJħ˺Ǒ�ʷĿ"KJε4�δzSWVkx��58ˈˣô8Ĵ

@K0�4�*Cδˈˣ8̪Ϋ̔˲7{�eYf5ʚȮ%JD72˴�HK

Jε 
Ň 3-105̪ΫǄ7ɵ7̓Κ˜"βRaγ̢ɱ˨ȴNʷ%ε̪ΫĀ7 Ra8δ

SMC8 0.10 µmδInconel8 0.14 µm1�JεSMC18δ2,000ʾ7̪ΫǄ8
S001�0047�, S0031ȟŤ 0.17µmNʷ#δInconel18δ10,000ʾ7̪Ϋ
Ǆ I004�ȟŤ 0.67 µmNʷ#*εInconel7 2,000ʾ̪ΫǄ7Ë̪Ä18 0.17 
µm�H 0.31 µm1�IδInconelË̪Ä17 Ra7ŝą8ɂ6̪Ϋβ΀5ɐÊ
#0ŝą#0�J2˴�HKJεάɽƱb��P7̪Ϋ^�f1�J S005
7 Ra8 1.24 µm1�Iʍ5Ť��ε 7˨ȴ�Hδb��PQkn\5GI
îĚɵ7̓Κ˜"�ŝą#*2˴�HKJε 
��w�ʳ"7̢ɱ˨ȴN̓ 3-35ʷ%εĭöβ�ɤ U�¡ɤM��ɤ Dγ

7ȟŤÔ2ȟƌÔ5�˯NƵ�0ʷ#0�Jἐ¡7ĭÔ8 5ʁ̢ɱ#*ƪ
ōÔ1�JεSMC18δéÖ7 HB�ά�ÙĲ5�Jε K8δË̪Ä7˄
ąƝβ7ƽΜNĤ�*ħ˺Ǒ��Jἐ 3-3 N̛J2δSMC �G; Inconel
73,HDȡǗ4ʳ"Â��4� 2�M�Jε 
�̤7ôȱ�G;̢ɱ˨ȴ�HδS005βάɽƱb��P^�fγ5��0

b��PQkn\5GJȡǗ4̓Κ˜"ŝą�ʴ̰"K*�δ�̂5̗͞"
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K0�JzSWVkx��Nʘ�*(7¸7^�f�H8ȡǗ4b��P

Qkn\7ƽΜ8ʴ̰"K4�-*ε@*δ`�Z�]5GJD72˴�H

KJ̓Κ˜"7ŝą� Inconel7%=07^�f5��0̢ɱ"Kδʍ5 I004
7 10,000ʾͼʾβ̪Ϋ50Σ̉4ŝą�ʴ̰"K*ε  
� b��PQkn\8˻ΦġǍ1�Iδ`�Z�]8ʇô̠ġǍ1�Jε 

KH7ġǍ8ĎŴġǍ5G-0�Jε�̂5δĎŴġǍ̸18δġǍ͝Ʊ8

β3.3γƴ7G�5ġǍ͝ƱŻȉ5ɐÊ#δĭǞô7ɽƱ7=�§7΁ȉ24
Jε(#0δġǍ͝ƱÍȉ8β3.4γƴ7G�5ɰƱŝą22D5ŝŤ%J[40]ε
G-0δάɰ�άŊ7͈˾ʜʎǙ5��0δb��PQkn\E`�Z�]

7ƽΜ8Ƨɰ�ƧŊGIDŤ��óJD72˴�HKJε 
 

 �   
      � (a) SMC7Κôȱ˨ȴ�    � �  � (b) Inconel7Κôȱ˨ȴ 

βĭìʪ7Ī�7ȉÔ8ȿó"K*ȟŤÔγ 
Ň 3-8� EPMAôȱ˨ȴ 
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(c)� ʲίǞô7ʁôȱ˨ȴ 

 
 

 
(d)� ʀˣǞô7ʁôȱ˨ȴ 
Ň 3-8� EPMAôȱ˨ȴ 
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Ň 3-9� XRDôȱ˨ȴβI004γ 

 
 

 
Ň 3-10� ̓Κ˜"̢ɱ˨ȴ 
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̓ 3-3� ��w�ʳ"βHBγ̢ɱ˨ȴ 
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3.2.3(c)� ͅͳɤͳ�G;ʇ¾ͥÍȉ 
� ʇ¾ͥÍȉ8vh�rȉNʘ�0δβ3.5γƴ5GIƋó#*εvh�rȉ
8Vkx��7͈˾ʜŊ5��0żΫÔ2G��̀%J2"K0�J�

Petukhov7ƴβ3.6γƴNʘ�δ˕ǾȁÍȉδ�Sx�gȉδ���r�ȉ8
(K)Kβ3.7γƴδβ3.8γƴδβ3.9γƴNÉʘ#*[41]ε4�δVkx��
7ʌǑÔ8δîĚɵãĥ2óĥ7Vkx��ɰƱ7ƪōɰƱ17ÔN NIST 
REFPROP 9.1Nʘ�0˔ó#*εβ3.8γƴ¡7ɤ͝8δɤͳNË̪Äͬ7Ȏ
Κ˂1ă-*ȎΚƪōɤ͝Nʘ�*ε 
� S001�S005 7ͅͳɤͳ�G;ʇ¾ͥÍȉNŇ 3-11 �G;Ň 3-12 5ʷ%ε
ͅͳɤͳβɤ͝γ�šĎ%J2ʇ¾ͥÍȉ5ƽΜ%J*CδŇ 3-117G�5
ͅͳɤͳ�ʞ4Jĭ̪Ϋ7ʇ¾ͥÍȉ7Żͳʢ4ɐ͐8Β#�ε#�#4�

Hδ Ň 3-12 �HŻǑʢ58�G( 500K »�7ɰƱ18ɤͳ���J5.
K0ʇ¾ͥÍȉ�ŝą#0�J75ƅ#0δ�G( 500K »�7ɰƱ18(
7ÙĲ�͛54-0�Iδ500Kķ͖1~�\ÔNģ-*Ǆ5ɤͳɯƍ52D
4�ʇ¾ͥÍȉDɯƍ#0�Jε 
� ȧ̪Ϋ5��0Ë̪Äͬ7Vkx��ŊĄ8ˡ 7MPaG1�IδŇ 3-135
7MPaGβ7.1MPaAγ17ŻŊɐʇ cpδƂƱ
δʇ¾Ƌʒ�δ˝ǑÍȉ	7ɰ
ƱšĎNŇ 3-135δcpδ
δ�δ	N(K)K 2Ò#*2�7ʇ¾ͥÍȉ<
7ǘƱNŇ 3-14ʷ%εŇ 3-1318ŻŊɐʇ cp�˾ʜɰƱβ513Kγ͘ ͖7 500K
�H 550K1ǐɼ5šĎ#ȟŤÔN2JεƂƱ2˝ǑÍȉ8 530K¹͘@18
ɰƱŝą52D4�Ťƨ5ɯƍ%J�δ550KGIά�ɰƱ18šĎͳ8ƍ4
�εʇ¾Ƌʒ8¸7ʌǑ5ɐ=J2ɐ͐ʢɰƱšĎ8ƌ"�ε@*δŇ 3-14
�HƂƱ
μŻŊɐʇ cpμʇ¾Ƌʒ�μ˝ǑÍȉ	7Π5ʇ¾ͥÍȉ<7ǘ
Ʊ�ά� 2�M�JεƂƱβɤͳγ2˝ǑÍȉ7 530K ¹͘@17ǐɼ4
ɰƱšĎ7ƽΜ8β3.5γƴ�Hβ3.9γƴ7̢˔ͣˀ1ǡ,ɨ#Į�δŻŊ
ɐʇ cp7šĎ�ȃͮʢ24Iʇ¾ͥÍȉ�šĎ#*2ǶŻ1�Jε KHN
ĴC0˴ƃ%J2δzSWVkx��8 500K ¹͘N͈�J2δʌǑšĎ7
ƽΜβʍ5ŻŊɐʇ7šĎγ5GIδʇ¾ͥÍȉ�ɰƱ�Ȕ5¿�ŝąÙĲ

�HÂ�ÙĲ5͎$*2˴�HKJεG-0δV�e�ʈʄŽëʖîĚͬ7

̢̥5��0Vkx��ɰƱ� 500K ¹͘N͈�JŗĮ8δʇ¾ͥʍǑ7š
ĎN˴Ǜ#*̢̥�ǋ̚1�Jε 
� @*δzSWVkx��8άɰʕŜ�1ʇô̠ĵʇġǍNʷ% 2�ʬH

K0�I[42]δȋʐ[43]18zSWVkx��7˿Ơô̠8ˡ 650K1Ŭ@Iδ
SMCE Inconel5ǵ̡#0�JŗĮ8δ(KH7̡ůÆʘ5GIô̠ͿŬɰ
Ʊ�ˡ 550K @1��J2��ŖĶ��Jεȧȿ̣5��0δʌǑ7ɰƱš
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Ď8Vkx��7ô̠N˴Ǜ#0�4�*Cδ500K¹͘N͈�JŗĮ8ô̠
β7ʇô̠ĵʇġǍ7ƽΜNĤ�JŗĮ7ʇ¾ͥÍȉ<7ƽΜ5.�08

µǄ̭˥4̩Ì�ǋ̚4̵΢1�Jε  
 

 
Ň 3-11� zSWVkx��ɰƱ2ͅͳɤͳ 

 
 

 
Ň 3-12� zSWVkx��ɰƱ2ʇ¾ͥÍȉ 
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Ň 3-13� 7.0MPaG17ʌǑÔ7ɰƱšĎ 

 

 
Ň 3-14� 7.0MPaG17ĭʌǑÔšĎ7ʇ¾ͥÍȉ<7ǘƱ 
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                ℎ = !" !
!"                  (3.5) 

 
    � �  !" = ! 2 !"∙!"

1.07+12.7 ! 2 !"2 3−1
           (3.6) 

 
         �   ! = 3.64 log10 !" − 3.28 −2

         (3.7) 
 

         �   !" = !∙!∙!"
! = 4∙!

!∙!"∙!            (3.8) 

 
                  !" = !∙!!

!                    (3.9) 

  



 38 

3.3� V�e�dfp�<7ƽΜ̠ȱ2ƅ˓7ǸȺ 
� ƊȮ͓͚��P��fdfp�7*C7 LOX/Vkx�� GG bS\�V
�e�dfp�̠ȱ�ß̎ʯ˅2#0̎MK0�*[44][45]βŇ 3-15δ̓ 3-4γε
ȧʯ˅18δȋʐ[44]17V�e�bS\�̢˔5`�Z�]7ƽΜ1�J
̓Κ˜"7ŝąNģI͗O+εV�e�bS\�̢˔Ǡɛ̭˥5.�08

Appendix 15ʷ%ε@*δëʖîĚͬ7ʇ̢˔2ëÉʘŃȉ7̢˔Ǡɛ5.
�0ȋʐ[44]7ǠɛNɉ5ɂ̳%Jε 
� ëʖîĚɵƺʎ8Ň 3-165ʷ%εʈʄYfÖŜʜƒé5¾ͥ%JʇɤȬ8
(3.10)ƴδîĚŞéͬN¾Ƌ%JʇɤȬ8(3.11)ƴδîĚāÖŜʜƒ5¾ͥ%
JʇɤȬ8(3.12)ƴʘ�*εʈʄYf2îĚɵŞΚ7ʇ¾ͥÍȉ8 Bartz7ƴ
(3.13) (3.14)ƴ[58]Nʘ�δîĚɵŞΚ2îĚā7ʇ¾ͥÍȉ8 Dittus-Boelter
7ƴ(3.15)ƴNʘ�*ε*+#δëʖîĚɵ7ɤ͉ʨǂ8ȧȮê˕7ʨǂNʘ
�J�δȧȿ̣18ëʖîĚɵ8ʭƺNǖŻ#0�J*Cδ(3.16)ƴ5ʷ%ƪ
ōɫ" hbmNʘ�0̢˔#*εëʖîĚɵé5��JŊĄΔũ8(3.17)ƴ5G
I˔ó#δ˕ǾȁÍȉ8 Swamee-Jain7ƴβ3.18γƴNʘ�*ε 
�  KH7ƴNʘ�0̎-*÷Ȥ̢˔˨ȴN̓ 3-5 5ʷ%εͷ7ÉʘüΆɰ
Ʊ�Ά8�G( 850K 1�J�δʈʄYfÖ7ɰƱ� KN͈�0�Jε 
7*CδʈʄYfÖŞΚ5ě" 10	mδʇ¾Ƌʒ 3 W/m/K7b���z�Q
`�pR�]NȑƝ%J 22%J2δ`�pR�]2ͷŞΚ7ʜΚ17

ͷɰƱ8 836KδîĚāÖ7ͷŞΚɰƱ8 686K24-*ε 
� ëÉʘƆĺ7̢˔8 NASA-TM X-73655[46]Nğʅ#*εĀ͙7ëʖîĚ
ͬ7̢˔�HδʈʄŽͷ7ʈʄYfÖ2îĚāÖ7ɰƱƟ8ˡ 200K 2#*ε
 72�ȋʐ[46]7Ň 3-17�HδʈʄYfÖɰƱ2ʈʄŽ˹ΚβBACK-SIDE- 
WALL-TEMPERATUREγ7ɰƱƟ8ˡ 500K1�IδŇ 3-18�H	T=500K
72�δʈʄŽȪȍ7ʰȎŃȉ8ˡ 1000Ń24Jε4Ò7ŶäʒN˴Ǜ%J
2ëÉʘƆĺ8ˡ 250Ń24Jε 
� #�#4�HδĀ͙7ȿ̣58b��PQkn\E`�Z�]7ƽΜ8˴

Ǜ"K0�4�εȧʯ˅18δ�̂5̗͞"K0�JzSWVkx��Nʘ

�*β1Dδ`�Z�]5GIîĚɵé7̓Κ˜"�ŝą%J˨ȴ�ǆHK

*ε( 1δV�e�dfp�̢˔1Éʘ#0�JîĚɵ7˕ǾȁÍȉ7ƴ

1�J Swamee-jain ƴβ3.18γƴ7̓Κ˜"�rNšĎ"'J 25GIδ`

�Z�]5GJ̓Κ˜"ŝąNV�e�dfp�̢˔7¡5ģI͗O+εȧ

ȿ̣18δëʖîĚãĥŊĄ8ʈʄŽŊĄ7 1.5 Ò2#δîĚɵ7ãĥŊĄ
2ʈʄŊĄ8(K)K 10.5MPa2 7MPa2#*εîĚɵ7ƨ2ά"8δf�
�rͬ18(K)K 2mm 2 12mm 1�JεîĚɵóĥ17ǋ̚ȟÂŊĄ̚
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ɔ8δS�eU\k1ʈʄŽŊĄ7 20%7ŊĄΔũN˴Ǜ#δ7.0MPa�1.2 = 
8.4MPa2#*ε3.2Ο7̪Ϋ˨ȴ�Hδ̓Κ˜"7÷ȤÔ8 0.1 µm2#δ1
bS\�Ɏ5̓Κ˜"� 0.07 µmŝą%J2#0̢˔#*ε�̤N˴Ǜ#*
̢˔7˨ȴδîĚɵóĥŊĄ�ĭbS\�Ɏ5÷ȤÔ1�Jˡ 9.1MPa �H
ǅ�5Â�#δˡ 75bS\�Ǆ5îĚɵóĥȟÂŊĄ̚ɔ 8.4MPa5ͥ#*
βŇ 3-19γε1bS\�7ʈʄβ΀8�nd��q��pRbS\�7 4Ò
7ʈʄβ΀N˴Ǜ#0�J*Cδ4 Ò7��e�NĴO+ëÉʘŃȉƆĺ2
#0ˡ 75Ń2��˨ȴNǆ*ε 7˨ȴ8δʈʄŽîĚɵŢ˒5 Inconel�
ÉMK*ŗĮδëÉʘŃȉ7̩Ż�ʈʄŽîĚɵ7ʇbS\�ʟĈ184�

`�Z�]�̩Ż54J 2NǗĸ#0�Jε 
� ƊȮ͓͚dfp�7ëÉʘƆĺŃȉ̚ɔ2#08 100Ń»��ǸȺ"K0
�J[44] 2�Hδ`�Z�]7ƽΜNǥü%J*C5δîĚɵéΚ5`�
pR�]NȑƝ#0`�Z�]Nǥü%Jˑ7ƅ˓7ȿ̣�µǄǋ̚24

Jħ˺Ǒ��Jε 
 

 
Ň 3-15� GGbS\�V�e�˟˪Ň 

βóèλȋʐ[44] Fig.5γ 
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Ň 3-16� ʈȍŽîĚɵƺʎ 
βóèλȋʐ[44] Fig.4, Table 3γ 

 
  

Cooling groove width b 2.0 mm
Cooling groove depth h 12.0 mm
Cooling groove aspect ratio h/b 6.0
Cooling wall circumferential direction thickness ts 1.2 mm
Cooling wall radial thickness tw 0.5 mm
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Ň 3-17 ʈʄŽîĚɵ͘×7ɰƱʎɚ 

βóèλȋʐ[46] Figure 14γ 
 

 
Ň 3-18� ʈʄŽîĚɵ7éŢɰƱƟ2ʰȎŃȉ 

βóèλȋʐ[46] Figure 19γ 
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Ň 3-19� ëʖîĚɵ̓Κ˜"ŝą5GJîĚɵóĥŊĄ7šĎ 
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̓ 3-4� ¤ʈʄŽ7¤̢̥̚{���k 

 
βóèλȋʐ[44] Table 2γ 

 
̓ 3-5 ëʖîĚͬ÷Ȥ̢˔˨ȴ 

Regenerative cooling channel inlet pressure 10.5MPa 
Regenerative cooling channel outlet pressure 8.4MPa 
Regenerative cooling channel inlet temperature 300 K 
Regenerative cooling channel outlet temperature 371.3 K 
Combustion gas side throat wall temperature 935 K 
Coolant side throat wall temperature 754 K 
Inside and outside wall temperature difference 181 K 

βóèλȋʐ[44] Table 4γ 
 

  

Combustion chamber pressure Pc Mpa 7
Fuel input temperature Tinj_fu K 390
Oxidant input temperature Tinj_ox K 90
Mixing ratio O/F - 1.8
The main combustion chamber temperature Tc K 3455
Characteristic exhaust velocity C* m/sec 1731
Vacuum thrust coefficient Cf_vac - 1.916
Sea level on the thrust coefficient Cf_sea - 1.798
Vacuum specific impulse Isp_vac s 338.1
Sea level above ratio thrust Isp_sea s 317.4
Outlet diameter De m 1.6
Expansion ratio � - 25
Throat diameter Dt m 0.32
Vacuum thrust F_vac kN 1078.5
Sea level on the thrust F_sea kN 1012.5
Combustion chamber total flow m_tot kg/sec 325.25
Fuel flow m_fu kg/sec 116.2
Oxidizer flow rate m_ox kg/sec 209.1
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!!"#$% = 1
2
!!"
!! 1 + !−1

2 !!
2 + 1

2
−0.68

1 + !−1
2 !!

2
−0.12

   (3.14) 

 
 

ℎ! = 0.0276!!!.!!!,!"!.!
!!"
ℎ!!            (3.15) 

 
 

ℎ!! = 4!∙ℎ!!
2 !+ℎ!!                   (3.16) 

 
 

∆! = ! !
ℎ!!

!!"∙!2
2                 (3.17) 

 
 

                ! = 0.25
log !!

3.70ℎ!!+
5.47
!!!.!

2      �      (3.18) 
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3.4� @2C 
V�e�ÆĊφ¼N˴Ǜ#*άɰ�άŊφ¼50zSWVkx��2ʈʄŽ

îĚɵ5ʘ�HKJħ˺Ǒ��J SMC2 Inconel7b��PQkn\�G;
`�Z�]7ƽΜ̩ÌN̎�δɉ7ʬ̛Nǆ*ε 
 
(1) ̘ ȉ7b���7äʲίôȱ˨ȴ�Hδ�̂5̗͞"K0�JzSWVk
x��58 0.241�0.612 mg/kg7äʲί�Ĵ@K0�J 2�ȖH�54
-*ε 

(2) άɽƱb��Pφ¼7A1̓Κ˜"7ŝą�ʴ̰"K*ε#�#δ�̂5
̗͞"K0�JzSWVkx��Nʘ�*^�f�H8ȡǗ4b��P

Qkn\7ƽΜ8ʴ̰"K4�-*ε 
(3) Inconel18`�Z�]5GJ̓Κ˜"7ŝą�ʴ̰"Kδʍ5ͼʾβ7
^�f1Σ̉4ŝą�AHK*ε 

(4) zSWVkx��8 500K¹͘N͈�J2δʌǑšĎ7ƽΜβʍ5ŻŊɐ
ʇ7šĎγ5GIδʇ¾ͥÍȉ�ɰƱ�Ȕ5¿�ŝąÙĲ�HÂ�ÙĲ5

͎$*2˴�HKJεG-0δV�e�ʈʄŽëʖîĚͬ7̢̥5��0

Vkx��ɰƱ� 500K¹͘N͈�JŗĮ8δʇ¾ͥʍǑ7šĎN˴Ǜ#
*̢̥�ǋ̚1�Jε 

(5) ̀ �Z�]7ƽΜN˴Ǜ#*V�e�dfp�̢˔˨ȴ�HδʈʄŽîĚ
ɵŢ˒5 Inconel�ÉMK*ŗĮδëÉʘŃȉ7̩Ż�ʈʄŽîĚɵ7ʇ
bS\�ʟĈβëÉʘŃȉƆĺˡ 250Ńγ184�`�Z�]�̩Żβë
ÉʘŃȉƆĺˡ 75Ńγ54J 2�øȖ#*ε 

 
� ȧʯ˅5GIδάɽƱʲίĴȡβ8b��PQkn\5GJ̓Κ˜"ŝą

��J 2δ@* InconelNʘ�*Ό58`�Z�]5GJ̓Κ˜"ŝą�
�J 2�øȖ#* 2�HδµǄV�e�̢̥Ǭ͵NɕŻ%J58δʲί

ô7ȟȚ̌ƀĴȡͳ7̥ŻE`�pR�]435GJ`�Z�]ǥüȐɛ

7ȿ̣43δȝ4J̪Ϋ2̩Ì�ǋ̚2˴�Jε 
� @*δȧȿ̣5��0δʌǑ7ɰƱšĎ8Vkx��7ô̠N˴Ǜ#0�

4�*Cδ500K¹͘N͈�JŗĮδʇô̠ĵʇġǍ7ʇ¾ͥÍȉ<7ƽΜ5
.�08µǄ̭˥4̩Ì�ǋ̚4̵΢1�Jε 
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ˏ 4ˋ� ʱͯ|s�Zd�Q��βHANγ7Œȧ�  
� � � � ʍǑ7̠Ȗ[å̤̓ͺ 1(1)(3), 2(3), 4 (1)-(6)(8)] 

4.1� 8$C5 
� ȧʯ˅18δ]��������r7Ó̖2"K0�J HAN/AN/�kx�
�/ɓ7ɭĮɶɩ5.�0δ@&Ƕ̋͠ÞśW���d��7�f\Qhf�
�rN̎�δ|s�e�Ġ;¸7]����x�����rÓ̖2˨ȴNɐ

͐#*ε@*δ͓͚βEy�s��]7Ό5ʠʖ%J̑ǿ5ƅ%JǘƱ̪Ϋ

N̎�δ¸7άVw�[�ʌͅ2ǘƱNɐ͐#*ε 7̑ǿǘƱ̩Ì̪Ϋ1

8δSHP163βʈȍ2ͯĎā7ͳ̸ɭĮɐ1�Iδ16.3w.t.%7�kx��NĴ
ȡ%J˧Ǟβ̓ 5-3γγNʘ�*εɉ5δHAN/AN/�kx��/ɓ7ɭĮɶɩ
7ʍǑ2#0δˁ�7˧Ǟ5ƅ%Jʇô̠ɰƱ̢ɱN̎�δ¸7άVw�[

�ʌͅE]����x�����rÓ̖2ɐ͐#*εȟǄ5δ˯ʈʄ͝Ʊ̢

ɱN̎�δ˯ʈʄ͝ƱNüǇ%JńŰ5.�0˴ƃ#*ε 
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4.2� ɏǑƽΜ̩Ì 
4.2.1� ̩ÌȐɛ 
� ]��������r7Ó̖2"K0�JǶ̋͠βHAN/AN/�kx��/
ɓδHAN/ Hydroxyethylhydraziniumnitrate (HEHN)/ɓδADN/�kx��/Q�
�uQ(NH3)/ɓγ2|s�e�5΁#0δ¡ŨĈÚɿž΄ɋĖ½βJISHAγ5
GIÑɌ"K* control banding methodNʘ�0ŻǑʢ�f\Qhf��rN
̎-*ε 7Qhf��r8δ|s�e�2]��������r7Ƕ̋͠

ÞśW���d��7ŶäǑNɐ͐%J*C5̎-*εJISHA�ʘ�JǠɛ
[47]8δ³Ä5ȡž4ʌͅ7üǇȐɛNʷ%*C5Ʈ�ʘ�HK0�J
�COSHH essentials[48]�2Œȧʢ5İ$ control banding methodNÉʘ#0�
IδCOSHH essentials�ŻCJD7GIDGIĝ#�δ�.GIŻͳʢ4\
�Sp�QNʘ�0�JεCOSHH essentials8�̂ʢ4Æɀ5��JĎŴʌ
ͅ7ģIǢ�NüǇ%J*C7Ǭ͵Nʷ%[49]εControl banding method18δ
yc�s���βHLγ2ǶŻțΖΆʜÔβEELγ�H�f\���βRLγ�
Ƌó"KJεHL2 EEL8δģIǢ�ʌͅ7˸ɀțΖΆʜ2ǶŻțΖ���
N(K)K˴Ǜ#0��\ô�"KJ[47]εJISHA 7Ǡɛ18δCOSHH 
essentials 2ɐ͐#0δHL8ÂɽƱ���@1ǪƷ"KδEEL8Əǟǳɒ̔
˲7ˁΤβXz�kS��ΙXz�kS�γ@1˴Ǜ#GI̭˥5đô#0

�Jε(7˨ȴδHL8 1�5δEEL8 1�7δ�f\���8 I�IVβƌ"�
>3GIŶäγ7˖ņ1ôΤ"KJεJISHA �ʘ�JǠɛ[47]7ôΤ��h
fN Appendix 25ʷ%ε 
� ȧʯ˅7Qhf��r8δŤɒ¡<7ɷɢYfD#�8ɷɢɩÄ�Əǟǳ

ɒ̔˲5GIüǇ"K0�Jφ¼�17Ƕ̋ÞśW���d��βģǢͳ kg
W�l�γNǖŻ#δ̓ 4-15ʷ%ɶɩ5ƅ#0̎-*ε  
 
 

̓ 4-1� �f\Qhf��rƅ̀ 

 

�$
 &)(03+�� ���%	
.4)3+

�$
� �������0*-42�� ������������������"�#�! 

�$
� ���������� ��
�������
�

�$
� ����0*-42������ ������������������"�#�! 

�$
� ���/,1'3 ���
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4.2.2� ˨ȴ2˴ƃ 
� ŻǑʢ�f\Qhf��r7˨ȴN̓ 4-2 5ʷ%ε 7̓5��0δ��
� I 8�°˥4�f\�δ��� II 8�ƌ"4�f\�δ��� III 8�¡ˀ
Ʊ7�f\�δ��� IV8�Ť�4�f\�2Ż˳"KJε4.2.1Ο7ĀǸφ
¼5GIQhf��rN̎-*˨ȴδ̓ 4-17No.1�37HL2 EEL8δHL=1
�G; EEL=3�4δNo.4 8 HL=5 �G; EEL=4�5 24-*ε(7˨ȴδ]
��������r7Ó̖1�J No.1�3 7�f\���8 Iβ°˥4�f
\γ24Iδ��P��f2#0̩Ì#*|s�e�8 IVβŤ�4�f\γ
24-*ε 
�  7�f\Qhf��r5GIδHAN/AN/�kx��/ɓ7ɭĮɶɩ7�f
\���8δHAN/HEHN/ɓ�G; ADN/�kx��/NH3/ɓ2İ$���1
�J 2�øȖ#*εADN/�kx��/NH3/ɓ8f^��f�o4#17Ƕ
̋ÞśÆɀ�Ȥǃ"K0�J]��������r1�J[12]εG-0δ
HAN/AN/�kx��/ɓ5.�0DİɄ5δf^��f�o4#17Æɀ�Ȥ
ǃ1�Jε#�#δÏ̾f�oE(7¸7Ï̾΄ç7Éʘ̚ĳ8ĭ͢ʘ˵7

̜Ż5GJεG-0δ  18�f\���Nʷ%@12%Jε 
 
 

̓ 4-2� �f\Qhf��r˨ȴ 
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4.3� ̑ǿǘƱ 
4.3.1� ̪Ϋ̔˲2̪ΫȐɛ 
� Ƹ�̑ǿ5ƅ%JŶäǑ̩Ì7*CδMIL-STD-1751A Method 10415þI
Large Scale Gap Test (LSGT)N̎�[50]δǶ̋7̑ǿǘƱN̩Ì#*ε 7̪
Ϋ8δX�s[�n�̪Ϋ2Ĺ9Kδɾ̋Τ̪ȍ5ƅ#ʉ̋7ʉ͔5GJƸ

�̑ǿ5ƅ%JǘƱN̩Ì%JD71�Jε 
� Ň 4-15̪Ϋ̔˲Nʷ%ε̪ Ϋ8δΓ β̞Detonatorγ5GIćʉ β̋Explosiveγ
N͇ʉ#̑ǿŊĄN̪ȍβTest chargeγ5��J�δćʉ̋2̪ȍ7΀5�
JX�s[�n�βCard gapγ7ě"βȳȉγ5GI̪ȍ5��J̑ǿĄN
̶Ȋ%Jε̪ȍ7ġǍN̪ΫÞśʌ7�7̨ǩȰ7ʎǙβʉD#�8�ʉγ

50̩Ì%JβŇ 4-2γεX�s[�n�7ě"Nš�0̪ΫN̎�δ̪ΫÞ
śʌ� 50%7ʴʒ1�ʉ�βD#�8��ʉ�γ2øŻ"KJX�s[�n�
7ě"NǴˤ%Jε#8 or #6 Γ˕ (qrw�k�)2ƂƱ 1.60±0.05 g•cm-37
50/50 ͸͞��r�SrNćʉ̋2#0Éʘ#*ε͹˕7ˣȪ8 STKM13A 
(SAE1018)1�JεX�s[�n�8 Polymethylmethacrylate (PMMA)Nʘ�
*ε̨ǩȰ8͍͹7 S25C (SAE1025)Nʘ�δŤ�"8 0.95 cm (ěA) ×10.15 
cm×10.15 cm1�Jε 
� 4�δȧ̪Ϋ1Éʘ"K* 50/50 ͸͞��r�Sr7ƂƱ8ˡ 1.64 g•cm-3
1�J�δMIL-STD-1751A 5GI̜Ż"K*Ŋś��r�Sr7ƂƱ 
(1.56±0.01 g•cm-3)GIDŤ��ε͸͞��r�Sr7ŗĮδƂƱ8 1.55�1.65 
g•cm-37˖ņ24IδŊś��r�Sr7ŗĮ8 1.55�1.57 g•cm-324Jε
ƂƱ7ƽΜN̶=J*Cδ͸͞��r�Sr�ˌ17÷ȤŊNδɽ˰άVw

�[�ʌͅ7ʉ͔β7ʍǑÔN̢˔%J̠ȱ��]�� KHT2009[51]Nʘ�δ
ćʉ̋7ƂƱN 1.55 g•cm-32 1.64 g•cm-32#0̢˔#ƽΜN̩Ì#*ε 
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Ň 4-1� LSGT7̪Ϋ̔˲2̪ΫhnrQn�ìʪ 
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Ň 4-2� ̪ΫǄ7̨ǩȰ7ʎǙÊ 

βƞλʉβPositiveγδĪλ�ʉβNegativeγγ 
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4.3.2� ˨ȴ2˴ƃ 
� ̓ 4-35 SHP1637̪Ϋ˨ȴNʷ%εX�sȳȉ 23δ47δ697ȟ÷7̪Ϋ
18#6 Γ˕Nʘ�δ(K»Ţ18#8 Γ˕Nʘ�*ε 7˨ȴN˪̢òʔ%
J 25GI SHP163 7 50%ʉ24JX�sȳȉNǶŻ%J2 9�11 ȳβ1
ȳ = 0.01 inch = 0.25 mmγ24J[52]ε@*δKHT2009[51]5GJ̢˔�Hδ
��r�Sr�ˌβŇ 4-17 Explosive�ˌγ17ŊĄ8δ��r�SrƂƱ
1.55 g•cm-372�5 20.4 GPaδƂƱ 1.64 g•cm-372� 23.2 GPa1�-*ε
��r�Sr7ƂƱ 1.55 g•cm-32 1.64 g•cm-37Ɵ5GJδ��r�Sr�
ˌ17ŊĄƟ8ˡ 2.8 GPa1�J[52]εMIL-STD-1751A Method 1041 (NOL)7
ȶɌq�kβAppendix3γ2 KHT20097̢˔˨ȴ�HδƂƱƟ2 50%ʉ24
JX�sȳȉ7΁Í�ô�Jε 7΁ÍNʘ�J2δ÷ȤŊ 2.8 GPa7Ɵ8
X�sȳȉ1ˡ 2 ȳ7Ɵ24JεG-0δȧ̪Ϋ˨ȴ2 MIL-STD-1751A 
Method 1041 (NOL)̜Ż7Ȑɛ17˨ȴNɐ͐%JΌ58δ 7ˀƱ7ȳȉ7
ƟʞN˴Ǜ%Jǋ̚��Jε 
� C-4ʉ̋7 50%ʉ24JX�sȳȉ8 192ȳ1�Iδ50/50͸͞��r�S
r8 301ȳδRDX8 323ȳδ͸͞ TNT8 108�198ȳ1�I[50]δADNN�
�f2%J]��������r1�J LMP-103S8 18�55ȳ1�JεG-
0δSHP163 7̑ǿǘƱ8δ(7¸7άVw�[�ʌͅE LMP-103S 2�H
=ɐ͐ʢÂ�Ô1�J 2�øȖ#*ε 
 

 
̓ 4-3� SHP1637 LSGT˨ȴ 

 
 
 
  

Number of Cards 0 11 23 47 69

Number of Positive result 2 1 - - -

Number of Negative result - 2 3* 2* 2*
* #6 blasting cap is used for one test

Note 1 : Casted 50/50 Pentlite is used for this test      Note 2 : 1 card = 0.01 inch =0.25 mm
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4.4� ʇô̠ͿŬɰƱ 
4.4.1� ̪Ϋ̔˲2̪ΫȐɛ 
� HAN7ô̠5GIȄó"KJʇ� HANʈȍ7ʈʄͿŬEʈʄ˭ǫ7�̚
ń24J*Cδʇô̠ɰƱNǤǺ%J 2�ͱ̚1�Jε  18δ̓ 4-4
¡5�J 5 ˁΤβSHP163δH1A3δM2δM3δM4γ7 HAN/AN/�kx��/
ɓ7ɭĮɶɩ5ƅ#0ʇô̠ͿŬɰƱN̢ɱ#*εʇô̠ɰƱ̢ɱ̔˲β˿

ÆγNŇ 4-3 5ʷ%ε�ɤ7ˈˣ����H̶ŊƳN͜#0̶Ŋ"K*ˈˣ
YfNm��z�5Ë˩#δǟŻ7ŊĄ1��ɤ7ƳN;$0ƂƇ#̪ΫN

̎-*ε̪ ȍƀł8fp��f̗1δéǂ 6.2mm�ɫ" 8.9mm1�ͬ�ͿȄ
"K0�Jε̪ȍ7ͳ8 60µL 1�Jε̪ȍƀł5Ƣ�*|�k5GIb�
���ąɰ"Kδ̪ ȍƀł�Κ5͂I¹�* KŏʇΔƅ5GI̪ȍƀłɰƱ
N̢ɱ#*εm��z�é5ŊĄ 0.6MPaA D#�8 1.0MPaA 7ˈˣNÞś
Ǆδ̪ȍƀłN 5
/ô7͝Ʊ1ąɰ#*εȧ̪Ϋ18δŇ 4-47G�5̪ȍ
7ʇô̠5GI̪ȍƀłɰƱ�ǐ5�Ȕ#*ʁNʇô̠ɰƱ2Ż˳#*ε 
 

 

          
Ň 4-3� ʇô̠ɰƱ̢ɱ̔˲ 

Sample	cell*	with	heater
*Stainless	steal(SUS)

Pressure	Sensor ThermocoupleSafety	Valve

Regulator

Gas	Cylinder
Chamber

Vent	Valve

�	�	��	�
�����
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Ň 4-4� ġǍͿŬɰƱøŻȐɛ 

 
 

̓ 4-4� HAN/AN/�kx��/ɓɭĮɶɩ7˯ʈʄ͝Ʊ̢ɱ 

 
 

  

Time�

Te
m
pe

ra
tu
re
�

5�/��
����	�

Mixture Molar ratio
Name HAN AN Methanol Water HAN AN Methanol Water HNO3/HAN Reference

SHP163 95 5 21 8 73.6 3.9 16.3 6.2 1.06
A2 95 30 21 8 61.7 19.5 13.6 5.2 1.38

H1A3 60 40 21 8 46.5 31.0 16.3 6.2 1.80
M0 95 5 0 8 88.0 4.6 0.0 7.4 1.06 Ref. 
M1 95 5 7 8 82.6 4.3 6.1 7.0 1.06
M2 95 5 9 8 81.2 4.3 7.7 6.8 1.06 Ref. 
M3 95 5 29 8 69.3 3.6 21.2 5.8 1.06 Ref. 
M4 95 5 50 8 60.1 3.2 31.6 5.1 1.06 Ref. 

A0M4 95 0 50 8 62.1 0.0 32.7 5.2 1.00
A1M4 95 10 50 8 58.3 6.1 30.7 4.9 1.13

W1 95 5 20 2 77.9 4.1 16.4 1.6 1.06
W2 95 5 24 24 64.2 3.4 16.2 16.2 1.06 Ref. 
W3 95 5 27 39 57.2 3.0 16.3 23.5 1.06 Ref. 

A0W3 95 0 27 39 59.0 0.0 16.8 24.2 1.00
A1W3 95 10 27 39 55.6 5.8 15.8 22.8 1.13

Weight Ratio [-] Weight Percent [%]
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4.4.2� ˨ȴ2˴ƃ 
� 5ˁΤ7ɭĮɶɩ7ʇô̠ɰƱ̢ɱ˨ȴNŇ 4-55ʷ%ε̪Ϋ5Ë#*ɶ
ɩ7ʇô̠ɰƱ8δŤɒʕŜ¡18�G( 130
GI�1�J�δķņŊĄ
�Ȕ2¿�Â�#*ε 7ʔʚ8δȋʐ[53]5GJ2δŊĄ��Ȕ#δɶů
7̊ʠ�ǥ�HK* 25G-0δʇ7ĢȃEĎŴġǍ5šĎ�ʖ$**Cδ

2˴�HK0�J�δ̭˥4�Xug�8�Ȗ1�JεH1A38(7¸7˧
Ǟ2ɐ=0%=07ŊĄ1ȟDʇô̠ɰƱ�Â�δȧ̪Ϋ1ǆHK* H1A3
7ʇô̠ɰƱ7ȟƌÔ8�G( 110
1�Jε 7˨ȴ�HδHAN/AN/�k
x��/ɓ7ɭĮɶɩ5��0δANNŝą# HANNɯƍ"'J2δʇô̠
ɰƱ�Â�%J 2�ô�Jε 
� D. G. HarlowH8 HANɭĮɶɩ7ʇô̠ɰƱNǶŻ%J*C5 Instability 
IndexNƋã#*[54]εƿH8δάɽƱ7�ͶSW�ɽƱ�E HNO32 HAN
7���ɐ HNO3/HAN�E�HNO3��ɽƱ�7ŝą5GI HANɭĮɶɩ
7ʇô̠ɰƱ�Â�%J 2NżΫʢ5ʷ#δʇô̠ɰƱ΃Ô8(KH7Ô

Nʘ�0ţȉ7żΫ˨ȴ�HɔCHK*”Instability IndexβŇ 4-6¡5Ż˳ƴ
Nʷ%γ”5GI̓ʓ"KJ2ȋʐ[54]1ŖĶ#*ε 
� HNO38 HAN2 AN5ʚȮ#0�IδHNO37��ɽƱ8 SHP163δM2δ
M3δM4δH1A318İˀƱ1�J�δH1A37A��ɐ HNO3/HAN�¸7
ɶɩGIŤ��β̓ 4-4γεȝ5δŊĄ�Ȕ5¿�ʇô̠ɰƱ8Â�%JÙĲ
1�Jε»�GIδʇô̠ɰƱ�Â�%J̚ń7�.8��ɐ HNO3/HAN ŝ
ą5GJ Instability Index7ŝą1�Iδ(7¸7̚ń2#08ķņŊĄ7ŝ
ą2˴�HKJε#�#4�Hδ 7̭˥�Xug�NİŻ%J*C58"

H4Jʯ˅�ǋ̚1�Jε 
� ȟǄ5δHAN/AN/�kx��/ɓ7Ƕ̋NǢ�Ό58δķņ7ʕŜφ¼N˴
Ǜ#δʇô̠ɰƱ5ƅ#0Ēô4��e�D-0ģIǢ� 2NǶŪ%Jε 
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Ň 4-6� Instability Index 

βóèλȋʐ[54] p.9γ 
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4.5� ˯ʈʄ͝Ʊ 
4.5.1� ̪Ϋ̔˲2̪ΫȐɛ 
� ̓ 4-45ʷ%ţȉ7ˁΤ7 HAN/AN/�kx��/ɓ7ɭĮɶɩ5.�0δ
˯ʈʄ͝Ʊ̢ɱN̎-*ε 
� ˯ʈʄ͝Ʊ̢ɱ̪Ϋ̔˲Ġ;·ɄNŇ 4-75ʷ%ε˯ʈʄ͝Ʊ̢ɱ̪Ϋ̔
˲8m��z�2m��z�é5�J̪ȍfk�s�H4Iδm��z�5

8�ͬ�HάŊˈˣYf�Ë˩"Kδ�ͬ7W��RfN͜-0Ťɒ5ͿȄ

"KJεm��z�é7̪ȍfk�s5Ň 4-8 5ʷ%G�5̪ȍ�hnrQ
n�"KJε̪ ȍƀł7ʮ̆Y�f˕7éǂ8 9mmδ̪ ȍƀͳ8 4cc1�Jε 
� ̪Ϋ¡5ʈʄYf5GIm��z�éŊĄ��Ȕ#4�G�5δm��z

��ͬ�HƧβάŊˈˣYfNË˩%Jεm��z�éŊĄ 1�9MPaA7˖
ņ7 1ʁ1ňŻ#δĭ̪ȍ1ķņŊĄNšȝ#0̘ȉ7̪ΫN̎-*ε÷Ȥ
ɰƱ8Žɰ1�JεʁɾVw�[�8u\��˯7ʇȄó1�Jε 
� ʈʄͣˀNɎʾ 500����7ά͝ƱX��βRoper Scientificʸ̗ CR 
Imager, Model 2000γNʘ�0̟ƃ#*ε˯ʈʄ͝Ʊ7˔ó8δˉ7Ţ�Hά
͝ƱX��5GIȀƽ"K*̘ȉ7βý7ʛÛ5ƅ#0ʧ̝1ɒʩ2ɩʩ

7ʜΚN̥Ż#δʛÛ̠ȱj�r ImageJNʘ�0ĭβý7ɒʩ7Κ˂N˔ó
#δɒʩ7Κ˂šĎ�H͝ƱN˔ó#*εĀ͙7˯ʈʄ͝Ʊ˔óȐɛ5GIδ

ĭ̪Ϋ7ʈʄ¡5ʞ4JkS��]1 3ŃˀƱ˯ʈʄ͝ƱN˔ó#δƪō#
*ÔNĭ̪Ϋ5��J˯ʈʄ͝Ʊ2#*ε 
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4.5.2� ˨ȴ2˴ƃ 
� ȧ̪Ϋ18δHAN/AN/�kx��/ɓ7ɭĮɶɩ7ĭǞô�˯ʈʄ͝Ʊ5Ġ
?%ƽΜN̩Ì%J*C5̓ 4-45ʷ%˧Ǟ5.�0˯ʈʄ͝Ʊ̢ɱN̎-
*ἐ 4-4¡7˧Ǟ7�,δ�Ref.�27ɞ̤7�JD78ȋʐ[55]7˨ȴ1
�Jε˯ʈʄ͝Ʊ˔ó7*C5ά͝ƱX��1Ȁƽ#* SHP1632 A0M47
ʈʄβ7ʛÛNŇ 4-95δ%=07̪Ϋ^�f5ƅ#0˯ʈʄ͝ƱN˔ó#
0��nr#*]��NŇ 4-105ʷ%εµŃ7̪Ϋ1ǆHK* SHP1637˯
ʈʄ͝Ʊ8ȋʐ[25]7ŖĶ2>?İ$1�Jε 
� AN7ƽΜ8Ň 4-10 (a)(b)(c)50̸̽1�JεŇ 4-10 (a)�HδANNŝą
#εHANNɯƍ"'J2δƮ�ŊĄ˖ņ5��0˯ʈʄ͝Ʊ�ŝą#0�J
 2�ô�Jε�kx��7ƽΜ8Ň 4-10 (b)7 SHP163δM0δM1δM2δ
M3δM47ɐ͐5GIʷ"KJε SHP1638Ʈ�ŊĄ˖ņ1ɐ͐ʢÂ�˯ʈ
ʄ͝Ʊ1�Iδ K8 HAN/AN/�kx��/ɓ7ɭĮɶɩ5��08ȟͧ4
�kx��ͳ1Âʈ͝�żʓ1�J2�� 2NǗĸ%J[55]εɓ7ƽΜ8
Ň 4-10 (c)7 SHP163δW1δW2δW37ɐ͐5GIʷ"KJεSHP1635ƅ#
0ɓNŝą"'J2δƮ�ŊĄ˖ņ1˯ʈʄ͝Ʊ�ŝą#*ε 
� ċ͊H8δHAN/AN/�kx��/ɓ7ɭĮɶɩ5΁#0δͣ ʇ5GJɓ7ˇ

ɗ5¿�ɒɜȷʖǞ͝Ʊ7ǐɼ4ŝą�ά˯ʈʄ͝Ʊ7̚ń7:2.1�

J2ȋʐ[37]50ŖĶ#0�Jεɓ˿Ä8ĎŴġǍ��hf5Ɓ�#4�*
CδɓNŝą#*ŗĮ7˯ʈʄ͝Ʊŝą8Ā͙7ͣʇ�Xug�5GJD7

2˴�HKJε 
� @*ƿH8δɶů7ɒĎ�ɒɜǞͼ͝Ʊ<Ġ?%ƽΜEɒɩʜΚ7ɤÄĄ

Ŵʢ�ŶŻǑ7̟ʁ1˴ƃN̎�δ�kx��ɮą5GIɒɜǞͼ͝Ʊ8Â

�%J�˯ʈʄ͝Ʊ<7ƽΜ8ƌ"� 2δ�G;ŊĄ�Ȕ5¿�ɒɩʜΚ

5©K�ʖ$ɒʩ7z���ɩʩ5ɹI͗Aδ(K�r�Y�24Iά˯ʈ

ʄ͝ƱΡő<ͨʿ%J 2NɒɩʜΚ7̭˥̟ƃ5GIʷ#*[25][26][56]ε
�����δċ͊H7ȋʐ[25] GIDά��kx��ɽƱ7ɭĮɶɩβŇ 
4-10 (b)7 M32M4γ5��0Dδȋʐ[25]2İ$ŊĄΡő1ά˯ʈʄ͝Ʊ
Ρő<7ͨʿ#0�J 2Nʴ̰#*ε 
� ˯ʈʄ͝Ʊ5ƽΜ%J(7¸7̚ń2#08δɭĮɶɩňȡ7ĎŴġǍ͝

ƱDħ˺Ǒ��JεɭĮɶɩ7ĎŴġǍ͝Ʊ�ŝą%K9˯ʈʄ͝Ʊ8ŝą

#δġƅ5δĎŴġǍ͝Ʊ�ɯƍ%K9˯ʈʄ͝Ʊ8ɯƍ%Jε  1δAN
�˯ʈʄ͝Ʊ5��JƽΜN̳Ȗ%J*C5δ4.4.2Ο1ğʅ#* Instability 
IndexNëƱğʅ#0AJεInstability Index8HNO37��ɽƱδHNO32HAN
7��ɐβHNO3/HANγδͶSW�7��ɽƱ5GI̓ʓ"KJβŇ 4-6γε
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HNO37��ɽƱ2��ɐ HNO3/HAN8 HAN7ĎŴġǍ��hf5��0
Dͱ̚4ƾăNǨ-0�J[54]εSHP163δA2δH1A37 HNO3��ɽƱ8͘

�Ô1�Iδ��ɐ HNO3/HAN8(K)K 1.06δ1.38δ1.802ʞ4JεG-
0δ��ɐ HNO3/HAN� Instability Index7ŤƌNɕŻ%JεŇ 4-10 (a)N̛
J2δ 7̪ΫŊĄ˖ņ17˯ʈʄ͝Ʊ7ΠƯ8δ��ɐ HNO3/HAN7ΠƯ
2�̀#0�Jε KGIδAN8 HAN7ĎŴġǍ��hf5ƽΜ#0�J
ħ˺Ǒ��J2˴�HKJ22D5δInstability Index�ʇô̠ɰƱ+�14
�˯ʈʄ͝Ʊ7̩Ì5DÉ�Jħ˺Ǒ��J2˴�HKJε#�#4�Hδ

Ň 4-10 (b)7 A0M4EŇ 4-10 (c)7 A0W37G�5 ANNĴ@4�β58δŇ
4-10 (a)2ɐ͐#0ÂŊΡő18άʈ͝δάŊΡő18Âʈ͝24Iδ˯ʈʄ
͝Ʊ�ŊĄ5GI̘ΐ4šĎNʷ#0�Jε˯ʈʄ͝Ʊ8ɶɩ7ǞôɃǞɐδ

ŊĄδɰƱδŜʜΚ7�ŶŻǑ[56]43Ʉ�4̚ń5GIƽΜNĤ�Jε(
KF�δ˯ʈʄ͝Ʊ7ªɱEȝ5Âʈ͝7ɶɩN̛.�J58"H4Jʯ˅

�ǋ̚1�Jε 
� ȟ˦ʢ5δ̓ 4-47%=07˧Ǟ5ƅ%J˯ʈʄ͝Ʊ̢ɱ˨ȴ7ɐ͐�Hδ
SHP1632W1�ɐ͐ʢÂʈ͝1�J 2�ô�-*εĭ˧Ǟ7ăĮ�šM
J2ɭĮɶɩ7ʌʔʢ�ĎŴʢ4ʍǑ�šĎ%J*Cδʌʔʢ�ĎŴʢ4̟

ʁ�HÂ˯ʈʄ͝Ʊ5ǥ�J*C58δ�@72 L SHP163EW17˧Ǟ
5͘�ăĮ5%J 2�μ@#� 2�øȖ#*ε 
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(a)� SHP163@5MPa� βý:-1798msec 

 
 

 
(b)� SHP163@5MPa� βý:-1356msec 

 
Ň 4-9 ʈʄβ7ʛÛ 
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(c)� A0M4@2.5MPa� βý:-1744msec 

 
 

 
(d)� A0M4@2.5`MPa� βý:-1352msec 

 
Ň 4-9 ʈʄβ7ʛÛ 
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(a)  AN7ƽΜ 

 
 

 
(b)  �kx��7ƽΜ 

� � � � � � � � Ň 4-10� ˯ʈʄ͝Ʊ̢ɱ˨ȴ 
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(c)� ɓ7ƽΜ 

Ň 4-10� ˯ʈʄ͝Ʊ̢ɱ˨ȴ 
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4.6� @2C 
� HAN/AN/�kx��/ɓ7ɭĮɶɩ7ŶäǑ̩Ì5΁%JŒȧʍǑNģǆ
#˴ƃN̎-*˨ȴδɉ7ʬ̛Nǆ*ε 
 
(1) ɏǑ5΁%J�f\Qhf��r˨ȴ�Hδȿ̣#* HAN/AN/�kx�
�/ɓ7ɭĮɶɩNʘ�*Ƕ̋ÞśÆɀ8δf^��f�o4#17Ƕ̋
ÞśÆɀ�Ȥǃ"K0�J]��������r1�JADN/�kx��
/NH3/ɓ2İ$�f\��� Iβ°˥4�f\γ1�IδHAN/AN/�kx�
�/ɓDf^��f�o4#17Ƕ̋ÞśÆɀ�Ȥǃ1�J 2�øȖ#
*ε#�#δÏ̾f�oE(7¸7Ï̾΄ç7Éʘ̚ĳ8ĭ͢ʘ˵7̜Ż

5GJεG-0δ  18�f\���Nʷ%@12%Jε 
 

(2) ̑ ǿǘƱ̪Ϋ˨ȴ�HδSHP1637 50%ʉ24JX�sȳȉNǶŻ%J2
9�11ȳ1�Iδ¸7άVw�[�ʌͅ7̑ǿǘƱβC-4ʉ̋λ192ȳδ 
50/50͸͞��r�Srλ301ȳδRDXλ323ȳδ͸͞ TNTλ108�198ȳδ
ADNN��f2%J]��������r1�JLMP-103Sλ18�55ȳγ
2ɐ=0Â� 2�øȖ#*ε 

 
(3) ʇô̠ɰƱ̢ɱ˨ȴ�HδHAN/AN/�kx��/ɓ7ɭĮɶɩ5��0δ
ķņʕŜŊĄNŝą"'*IδANNŝą# HANNɯƍ"'J2ʇô̠
ɰƱ�Â�%J 2�øȖ#*εInstability Index[54]NƋã#̩ÌN̎-
*2 Lδʇô̠ɰƱ�Â�%J̚ń7�.8��ɐ HNO3/HAN ŝą5
GJ Instability Index7ŝą1�J 2�̳Ȗ1�*ε#�#4�Hδ 7
̭˥�Xug�NİŻ%J*C58"H4Jʯ˅�ǋ̚1�Jεȧ̪Ϋ1

ǆHK*ʇô̠ɰƱ7ȟƌÔ8�G( 110
1�J�δHAN/AN/�kx�
�/ɓ7ɭĮɶɩNǢ�Ό58δķņ7ʕŜφ¼N˴Ǜ#δʇô̠ɰƱ5
ƅ#0Ēô4��e�D-0ģIǢ� 2NǶŪ%Jε 

 
(4) ˯ ʈʄ͝Ʊ̢ɱ˨ȴ�HδHAN/AN/�kx��/ɓ7ɭĮɶɩ7˧Ǟ¡7
ĭǞô�˯ʈʄ͝Ʊ5Ġ?%ƽΜ�Ȗʴ54-*ε@&δANNŝą#δ
HANNɯƍ"'J2δ˯ʈʄ͝Ʊ8 SHP1635ɐ=0Ʈ�ŊĄ˖ņ5�
�0ŝą#*εAN7ͳ8 HAN7ĎŴġǍ��hf5��0Dͱ̚4ƾ
ăNǨ-0�J[54] 2�HδAN8 HAN7ĎŴġǍ��hf5ƽΜ#0
�Jħ˺Ǒ��J 2Nʷ#*ε@*δ˯ʈʄ͝Ʊ7̩Ì5D Instability 
IndexNƋã#*2 LδInstability Index�ŝą%J2˯ʈʄ͝Ʊ�ŝą
#0�J 2�Hδʇô̠ɰƱ+�14�˯ʈʄ͝Ʊ7̩Ì5D
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Instability Index�ȡĉ1�Jħ˺Ǒ��J 2�øȖ#*ε@*δͣĞ7
ʯ˅GIDƮ�˖ņ1�kx��7ăĮNš�0˯ʈʄ͝Ʊ̢ɱN̎�δ

ȋʐ[25]2İ$ŊĄΡő1ά˯ʈʄ͝ƱΡő<7ͨʿ#0�J 2Nʴ
̰#*ε"H5δ̓ 4-47%=07˧Ǟ5ƅ%J˯ʈʄ͝Ʊ̢ɱ˨ȴ7ɐ
͐�HδSHP1632W1�Ʈ�ŊĄ˖ņ5��0ɐ͐ʢÂ�˯ʈʄ͝ƱN
ͥǞ1�J 2Nʷ#*ε#�#4�Hδ˯ ʈʄ͝Ʊ8ɶɩ7ǞôɃǞɐδ

ŊĄδɰƱδŜʜΚ7�ŶŻǑ43Ʉ�4̚ń5GIƽΜNĤ�J*Cδ

˯ʈʄ͝Ʊ7ªɱEȝ5Âʈ͝7ɶɩN̛.�J58"H4Jʯ˅�ǋ

̚1�Jε 
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ˏ 5ˋ� ˨̸ 

5.1� zSWVkx��7b��PQkn\Ġ;`�Z
�] 

� zSWVkx��Nʘ�JëʖîĚŏ�^nrV�e�7b��PQk

n\2`�Z�]ʓ̀5΁#δµǄ7V�e�̢̥5ɣʘ1�Jɉ7ʬ̛N

ǆ*ε 
 
(1) �̂5̗͞"K0�JzSWVkx��5Ĵȡ%JäʲίɽƱNȖH�
5#*ε 

(2) �̂5̗͞"K0�JzSWVkx��Nʘ�JŗĮδȡǗ4b��P
Qkn\7ƽΜ84� 2�øȖ#*ε  

(3) Inconel8`�Z�]5GI̓Κ˜"�ŝą%J 2�øȖ#*ε  
(4) ʇ¾ͥÍȉ<7ƽΜ̩Ì�HδzSWVkx��8 500K¹͘N͈�J
2ʌǑšĎ7ƽΜ5GIʇ¾ͥÍȉ�ɰƱ�Ȕ5¿�ŝąÙĲ�HÂ�

ÙĲ5͎$J 2�HδV�e�ʈʄŽ7̢̥5��0˴Ǜ�ǋ̚1�

J 2�øȖ#*ε 
(5) V�e�dfp�̢˔˨ȴ�HδëÉʘŃȉ7̩Ż�ʇbS\�ʟĈ1
84�`�Z�]�̩Ż54J 2Nʷ%22D5δëÉʘªǖŃȉƆ

ĺNŻͳʢ5ʷ#*ε 
 
� ȧʯ˅5GIδάɽƱʲίĴȡβ8b��PQkn\5GI̓Κ˜"�ŝ

ą%J 2δ@* InconelNʘ�*Ό58`�Z�]5GI̓Κ˜"�ŝą
%J 2�̠Ȗ"K* 2�HδµǄV�e�̢̥Ǭ͵NɕŻ%J58δʲ

ίô7ȟȚ̌ƀĴȡͳ7̥ŻE`�pR�]435GJ`�Z�]ǥüȐ

ɛ7ȿ̣43�µǄ7̵΢1�Jε 
� @*ȧȿ̣18ʌǑ7ɰƱšĎ8Vkx��7ô̠N˴Ǜ#0�4�*

Cδ500K¹͘N͈�JŗĮ8ô̠β7ʇô̠ĵʇġǍ7ƽΜNĤ�JŗĮ7
ʇ¾ͥÍȉ<7ƽΜ5.�08µǄ̭˥4̩Ì�ǋ̚4̵΢1�Jε 
 
�  
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5.2� HAN/AN/�kx��/ɓ7ɭĮɶɩ7ŶäǑ̩Ì 
� HAN/AN/�kx��/ɓ7ɭĮɶɩNʘ�J�x�����r7ŶäǑ̩
Ì5΁%JŒȧʍǑNģǆ#δżʘ�ȡʤ4ɉ7ʬ̛Nǆ*ε 
 
(1) ɏǑ5΁%J�f\Qhf��r�HδǶ̋ÞśÆɀ8|s�e�GI
�f\����Â� 2δĠ;¸7]��������rÓ̖2İ$�

f\���1�J 2Nʷ#*ε 
(2) ̑ǿǘƱ̪Ϋ�H SHP1637̑ǿǘƱ8¸7άVw�[�ʌͅ2ɐ=Â
� 2Nʷ#*ε 

(3) ʇô̠ɰƱ̢ɱ�Hδʇô̠ɰƱ7Â�̚ń2ʇô̠�ΆɰƱ7ʧŶN
ʷ#*ε 

(4) ˯ʈʄ͝Ʊ̢ɱ�HδHAN/AN/�kx��/ɓ7ɭĮɶɩ7˧Ǟ¡7ĭǞ
ô�˯ʈʄ͝Ʊ5Ġ?%ƽΜNʷ#δ(7�Xug�N̠Ȗ#*ε 

 
� #�#δʇô̠ɰƱÂ�5.�07̭˥�Xug�NİŻ%J*C58"

H4Jʯ˅�ǋ̚1�Jε@*δ˯ʈʄ͝Ʊ8ɶɩ7ǞôɃǞɐδŊĄδɰ

ƱδŜʜΚ7�ŶŻǑ43Ʉ�4̚ń5GIƽΜNĤ�J*Cδ˯ʈʄ͝Ʊ

7ªɱEȝ5Âʈ͝7ɶɩN̛.�J58"H4Jʯ˅�ǋ̚1�Jε 
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Appendix 

Appendix 1   V�e�bS\�̢˔[44] [45] 
� V�e�bS\�̢˔7Ǡɛ5.�0ȋʐ[44][45]5�Jɂ̚Nʷ%ε 

 
(1) ¤ʈʄŽ̢̥ 
� ʈʄŽŊĄˑ7¤̚4̢̥{���k8 NASA CEA2Nʘ�0̢˔#
*εV�e�̢̥7ĀǸφ¼5.�0̓ A1-15ʷ%ε@*δ�̤7(a)�
H(e)Nʘ�0̥Ż#*¤ʈʄŽ7¤̢̥̚{���kNȧȋˏ 3ˋ̓ 3-4
5ʷ%ε 
 
 

̓ A1-1 ¤̚ĀǸφ¼ 
Oxidant Liquid oxygen 
Fuel Ethanol 

2-engines 
Vacuum thrust > 785 kN 
Sea level thrust > 706 kN 

Vacuum Isp > 315 s 
Throttling 100%–70% 
Number of reusability > 100 times 
Nozzle diameter < 1.6 m 
Engine mass < 2000 kg 

βóèλȋʐ[44] Table.1γ 
 

(a) ¤ʈʄŽŊĄ 
� ʈʄŊĄ8S�eU\k17ɤÄ�ŶŻNǥü%J*C5zSWV

kx��7ʩšĎ5GJʌǑšĎ5ƽΜNĤ�4�͈˾ʜŊĄ

6.14MPa»�1�J 7MPaNͩŻ#*ε 
 

(b) ɭĮɐ 
� ȟͧɭĮɐ8ð˨ɤ7ŗĮ8 1.6δƪ̒ɤ7ŗĮ8 2.01�J�δż
Ό8(7΀54J*Cδȧȿ̣18 1.82#*ε 
 

(c) Ģ˰ɐ 
� S�eU\k2xg�ãĥ΀7äŊɐ� 15͘�Ô24JĢ˰ɐ 3
2̥Ż#*ε 
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(d) ˽ Ʒɐ 
� ˽Ʒɐ8ĂΑΆʜN˴Ǜ%Jǋ̚��IδĂΑNʖ$JŞΚŊĄ

PwallNβA1γƴ5ʷ% Schilling7żΫƴNʘ�0ʴ̰#*ε4�δNASA 
SP-8120[57]18xg�óĥŊĄ8ĂΑŞΚΘŊ5ƅ#0 20%7Å̕N
2J 2�ǶŪ"K0�JεŇ A1-15 NASA CEA2GIɔC*xg�
óĥŊĄ2 Schilling7żΫƴ5 20%7Å̕ND*'*ĂΑŞΚΘŊN
ʷ%ε@*δŇ A1-25˽Ʒɐ5ƅ%JɐǶĄδǶĄ2(K)K7̚ɔ
ÔNÈ̤%JεŇ A1-1,Ň A1-2GIδȧȿ̣18˽Ʒɐ 252#*ε 
 
 

                    !!"## = 0.583!! !!
!!

!.!"#
           βA1γ 

 
 

 
Ň A1-1� ĂΑΆʜΘŊ2xg�óĥΘŊ 

βóèλȋʐ[44] Fig.1γ 
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Ň A1-2� ˽Ʒɐ2ǶĄ�ɐǶĄ7΁Í 

βóèλȋʐ[44] Fig.2γ 
 

(e) ʈʄŽƺʎ 
� Ň A1-35¤ʈʄŽ7xg�ƺʎNʷ%εLt, Le5.�08Ģ˰ɐδ
˽ƷɐNɳ*%G�5ɕŻ"KJε@*δVkx��7ʈʄŽʍǑͼ

" L*8^�d�7ŗĮ7ÔN NASA SP-125[58]GIğʅ#δˡ 1m2
#*εLc5.�08βA2γƴ5ʷ% L*7Ż˳5GIɕŻ"KJε 
 1δVt8ʏ@Iͬ7ʈʄŽÄ˂1�Jε 

 
 
                      !∗!! = !!!! + !!�             (A2) 
 
 

 
Ň A1-3� ¤ʈʄŽxg�ƺʎ 

βóèλȋʐ[44] Fig.3γ 
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(2) ëʖîĚͬ 
� Vkx��7ëʖîĚǑ˺8ɓˣGIDĆJεVkx��7ɰƱ�

600KN͈�J2δ`�Z�]7ƽΜ�ǝǎ"KJ*CδƧɰβˡ 300Kγ
�H̦"KJȔɰͳ8ˡ 300K1�JεëʖîĚͬ7ʇ̢˔ǠɛĠ;ëÉ
ʘŃȉ7̢˔Ǡɛ̭˥5.�08ȧȋ 3.3Ο5ʷ%ε  

 
(3) bS\�̢˔ 
� (a) V�e�bS\� 

� V�e�bS\�8ȟDŒȧʢ4bS\�1�JYfeUw��k

βGGγbS\�2#δˏ 3ˋŇ 3-107˟˪NĀǸ2#*ε@*δk
�\Ŋ2ĭͬ7ŊĄΔũÍȉ7ĀǸφ¼N(K)K̓ A1-2δ̓ A1-3
5ʷ%ε 

 
 

̓ A1-2 k�\Ŋ 
LOX tank pressure Ptank_ox 0.3 MPa 
Fuel tank pressure Ptank_fu 0.3 MPa 
LOX tank temperature Ttank_ox 90 K 
Fuel tank temperature Ttank_fu 300 K 

βóèλȋʐ[44] Table.5γ 
 

̓ A1-3 ĭͬ7ŊĄΔũÍȉ 
Line Symbol k�1 Baseline  

pressure 
LOX pump outlet  — 
Main combustion chamber k_ox 0.2 Pc 

Fuel pump outlet  — 
Main combustion chamber k_fu 0.5 Pc 

LOX pump outlet  — 
GG combustion chamber k_gg_ox 0.2 Pgg 

Fuel pump outlet  — 
GG combustion chamber k_gg_fu 0.5 Pgg 

GG combustion chamber  — 
Fuel turbine inlet k_� 0.1 Pgg 

Fuel turbine outlet  — 
LOX turbine inlet k_� 0.1 Pturb_fu_e 

LOX turbine outlet  — 
Outside air k_� 2.0 P_out 

 

�1� ! = !"#$%&'( !"#$$%"#!!"#$%&'()* !"#$$%"#
!"#$%&'$ !"#$$%"#  

βóèλȋʐ[44] Table.6γ 



 74 

(b) Yfʠʖł(GG) 
� GGʈʄŽŊĄ8¤ʈʄŽ2İ$Ô5̥Ż#δGGʈʄŽɰƱ8ëÉ
ʘ5¿�˶¥ǑN˴Ǜ#0 850KˀƱ2#*εGG7ɭĮɐ8 NASA 
CEA25GJƪ̢̒˔5GIδʈʄŽɰƱNɳ*%G� 0.055̥Ż#
*β̓ A1-4γεȧȿ̣5��J GG7̹ÝN̓ A1-45ʷ%ε 

 
 

̓ A1-4 Yfʠʖł7̹Ý 
Combustion chamber pressure 7 MPa 
Combustion chamber temperature 833 K 
O/F 0.05 
Contraction ratio 1.5 

βóèλȋʐ[44] Table.7γ 
 

(c) ���sɐβBLγ 
� ���sɐ8 GG ΪĊYfɤͳ2äɤͳ7ɐ2#0Ż˳%Jεȧȿ
̣5��0δk�}�{��2���{���z��f%Jʁ1�J

���sɐNSk��d��5GIǴˤ#*ε 
 

(d) k�}�ĉʒ2���ĉʒ 
� LOX/RP-1V�e�18δ�̂ʢ5���ĉʒ8 0.7»�δk�}�
ĉʒ 0.6»�NͥǞ#0�JεG-0ȧȿ̣18δk�}�ĉʒδ��
�ĉʒ 0.2�H 0.77˖ņ1k�}����sɐ7̢˔N̎-*ε 

 
(e) bS\�̢˔˨ȴ 
� Ā͙7ĀǸ5Œ/�̢˔#*���săĮ2dfp�ɐǶĄN(K

)K̓ A1-5Ġ;̓ A1-65ʷ%εȧȿ̣18k�}�ĉʒδ���ĉ
ʒæ5 0.62#0V�e�̹ÝN̥Ż#*ε 72�̓ A1-6�Hδd
fp�ɐǶĄ8 330.3s1�Iδdfp�ɐǶĄ̚ɔ1�J 315s»�N
ͥǞ%J*C58δIspĉʒ� 0.954β=315/330.3γ»�ǋ̚1�J 2
�øJε 
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̓ A1-5� ���săĮ 

BL[%] 
Pump efficiency 

0.2 0.3 0.4 0.5 0.6 0.7 

Tu
rb

in
e 

ef
fic

ie
nc

y 0.2 22.0 13.9 10.2 8.1 6.7 5.6 
0.3 14.4 9.2 6.7 5.3 4.4 3.8 
0.4 10.7 6.9 5.1 4.1 3.4 2.9 
0.5 8.5 5.5 4.1 3.2 2.7 2.3 
0.6 7.2 4.6 3.4 2.7 2.3 2.0 
0.7 6.2 4.0 3.0 2.4 2.0 1.7 

βóèλȋʐ[44] Table.8γ 
 

̓ A1-6� dfp�ɐǶĄ 

Isp[s] 
Pump efficiency 

0.2 0.3 0.4 0.5 0.6 0.7 

Tu
rb

in
e 

ef
fic

ie
nc

y 0.2 263.8 291.0 303.6 310.8 315.5 319.0 
0.3 289.5 307.0 315.3 320.0 323.3 325.3 
0.4 301.8 314.8 320.9 324.3 326.7 328.5 
0.5 309.2 319.5 324.3 327.2 329.1 330.5 
0.6 313.8 322.5 326.4 328.9 330.3 331.5 
0.7 317.2 324.6 328.0 330.1 331.5 332.5 

βóèλȋʐ[44] Table.9γ 
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Appendix 2   JISHAǠɛ7ɂ̳[47] 
� ȧʯ˅1ʘ�*JISHAǠɛ7ôΤ��hfɂ̚Nʷ%εģIǢ�ʌͅ7ʍ
Ǒ�G;̥Ż#*ÆɀʕŜ7ĀǸφ¼Nʘ�0δyc�s���βHLγ2ț
Ζ���βELγNƋó#δ(KHNʘ�0̓A2-81Ż˳"KJ�f\���
βRLγ�Ƌó"KJε 
� HL8ȓȧʗɀ̐ʖŴ½7̦ƀɽƱčĶÔE˙ŉʗɀ̐ʖƈͽſ½̽
βACGIHγ78β΀ąͱƪōɽƱβTLV-TWAλThreshold Limit Value-Time 
Weighted Averageγ437˸ɀǑ9�ΖΆʜδD#�8(KH7ǶŻÔNʘ
�0̓A2-15GIôΤ#δ KN̓A2-87HL12%JεEL8ģǢͳβ̓A2-2γδ
˚Ä7℃ȈǑ�ɩÄ7ǻʠǑβ̓A2-3γδǹɒ7ʎɚβ̓A2-4γ�G;̓A2-5δ
̓A2-6Nʘ�0̓A2-778β΀7ǶŻ9�ΖɽƱ���β8h-EELγNɔCδ
 KN̓A2-87EL12%Jε 
 
 

̓ A2-1� yc�s���βHLγ2˸ɀǑ9�ΖΆʜ7΁Í 

 
βóèλȋʐ[47]̓ 2-9γ 

 
 

̓ A2-2� ģǢͳ7Xpa�� 

 
βóèλȋʐ[47]̓ 2-10γ 
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̓ A2-3� ˚Ä7℃ȈǑ�G;ɩÄ7ǻʠǑXpa�� 

 
βóèλȋʐ[47]̓ 2-11γ 

 
 
 

̓ A2-4� ǹɒ7ʎɚ 

 
βóèλȋʐ[47]̓ 2-12γ 
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̓ A2-5� 8β΀7ǶŻ9�ΖɽƱ���β˚Äγ 

 
βóèλȋʐ[47]̓ 2-13γ 

 
 

 
̓ A2-6� 8β΀7ǶŻ9�ΖɽƱ���βɩÄγ 

 
βóèλȋʐ[47]̓ 2-14γ 
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̓ A2-7� 8β΀7ǶŻ9�ΖɽƱ7˖ņ2��� 

 
βóèλȋʐ[47]̓ 2-15γ 

 
 

̓ A2-8� �f\���βRLγ 

 
βóèλȋʐ[47]̓ 2-16γ 
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Appendix 3   MIL-STD-1751A METHOD 1041 
� MIL-STD-1751A Method 1041[50]5ʷ"KJ Large Scale Gap Test5.�0
MILf�n\7̬ƹͬôNɮ¹%Jε 
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[9] é΂ưŵźȅ˓ŭľ½ἐȍκ ŵź͓͚dfp�ͼȤ}e��ˣȺ�
ğ˴̓ȍΏεŵź͓͚dfp�ͬ½ˏ 12Ń½Įδ2014ƫ 2Ƞ 17ȓε 
 
 



 87 

[10] K. Obase, K. Niu, K. Okita, K. Aoki, N. Azuma. Regenerative Cooling 
Cycle LOX/Methane Engine and Some Other Hydrocarbon Fueled Rocket 
Engine Studies in Japan. 61st International Astronautical Congress. Prague, 
Czech, 2010, IAC-10-C.4.1.3. 

[11] ƪƕǉŧ, ȯÀƬ, íʙÕŧ, ˎ˼Ɍ΍, ƌȲǓŵ, ɖʙ˷�. JAXA 
7ɩͯ/ʀĎɓˣǶ͠˟ʯ˅ʎɚ5.�0. ˏ56ŃŵźʽŴ͟Į̻ɸ
½. ùư, 2012ƫ11Ƞ, 2H01. 

[12] K. Anflo and B. Crowe. In-Space Demonstration of an ADN-based 
Propulsion System. 47th AIAA/ASME/SAE/ASEE Joint Propulsion 
Conference. San Diego, California. July 31- August 3 2011, AIAA 2011- 
5832. 

[13] R. A. Spores, R. Masse and S. Kimbrel. GPIM AF-M315E Propulsion 
System. 49th AIAA/ASME/SAE/ASEE Joint Propulsion Conference. San 
Jose, CA. July 14-17 2013, AIAA 2013- 3849. 

[14] ːƓƀ̓, ŜȕŸ, ƌȲ΋ŧ, ȩƔɌȆ, ȯͲĻƬ, ȯÀƬ, Ηȥ̈́Ĭ, 
ƌȲŷ, ɖʙ˷�. LNG�	
���������
�����
�
΄ɋ5΁%Jʯ˅ -ʍ5ʹ�nZ7΄ɋĉȴ5.�0-. ȓȧ́ˆŵ
źŴ½̸ȋΏ. Vol.59, No. 688, 2011ƫ 5Ƞ, pp. 109-118. 
 

[15] ȯͲĻƬ, ȩƔɌȆ, ƌȲ΋ŧ, ŜȕŸ, ɲ²­ͫ, ːƓƀ̓, ŤŘΎ
¨, ɖʙ˷�, Ηȥ̈́Ĭ, ƛƘʻ³, ȯÀƬ. LNG�^nrV�e�5
��Jb��PQkn\Ġ;������΁%JŒʶʯ˅. ȓȧ́ˆ
ŵźŴ½̸ȋΏ. Vol.57, No.670, 2009ƫ 11Ƞ, pp. 445-452. 
 

[16] N. Azuma, M. Sato, M. Tadano, M. Sato, T. Masuoka, S. Moriya, K. Aoki, 
H. Kawashima. M. Yoshida, K. Okita, T. Tamura and K. Niu. Compatibility 
of Methane Fuel with LOX/Methane Engine Combustion Chamber Cooling 
Channels. AIAA/ ASME/SAE/ASEE 44th Joint Propulsion Conference & 
Exhibit. Hartford, U.S., July 2008, AIAA-2008-4838. 

[17] ȯÀƬ, Ƚ̿Ð�, ĦͲʪ, Ã̌ȅ̕, Ηȥ̈́Ĭ, ƌȲŷ, ɖʙ˷�, 
ɓͲŲƻ, £ʖ̺�, ːƓƀ̓, ȯͲĻƬ. LOX/���������
������ʹC-�5GJb��PQkn\ƽΜǥüĉȴ. ȓȧ́
ˆŵźŴ½ˏ54ŃŵźʽŴǣ̏͟Į̻ɸ½. ΘƔ, 2010ƫ11Ƞ, 3H02. 



 88 

[18] ːƓƀ̓, ŜȕŸδƌȲ΋ŧδȩƔɌȆ, ȯͲĻƬ, ȯÀƬ, Ηȥ̈́Ĭ, 
ƌȲŷδɖʙ˷�. LNG �	
���������
�����
�
΄ɋ5΁%Jʯ˅ -ʍ5ʹ�nZ7ʍǑ̩Ì-. ȓȧ́ˆŵźŴ½ˏ
53ŃŵźʽŴǣ̏͟Į̻ɸ½. ±ͭ, 2009ƫ9Ƞ, 2L12. 

[19] Ηȥ̈́Ĭ, ɖʙ˷�, ƌȲŷ, ȯÀƬ, ʆƛƼͼ, ƌͲƄĕͫ, ƛƘʻ
³, Ã̌ɌŁ, ĦͲʪ, Ɠ̙ÀŸ, ȸƖʻ�. ëʖîĚŏLNGV�e�
7ʯ˅ʎɚ, ƪǞ20ƫƱŵź͓͚d��eT�. 2009ƫ1Ƞ, pp.1-3. 

[20] ȯÀƬ, Ã̌ɌŁ, ĦͲ̲, ēƔɌ, Ƚ̿Ð�, Ηȥ̈́Ĭ, ƛƘʻ³, 
įʙ̲, ɖʙ˷�, ʙȫ́ĩ, £ʖ̺�. LOX/����������
�����������
��
���	ƽΜ̩Ì̪Ϋ. ȓȧ́ˆŵ
źŴ½ˏ52ŃŵźʽŴǣ̏͟Į̻ɸΏ. 2008ƫ11Ƞ, pp.1418-1423. 

[21] ƛƘʻ³, ɖʙ˷�, Ηȥ̈́Ĭ, ȯÀƬ, ʆƛƼͼ, ƌͲƄĕͫ, Ƥʧ
ÇŨ, Ã̌ɌŁ, įʙǁ­, ȸƖ̆�, ʪŰƶɟ, ƌʹɻƙ. LOX/�k
�ëʖîĚV�e�Ϳʠ5Ĳ�*̚ˣ̪Ϋ. ƪǞ19ƫƱŵź͓͚d�
�eT�. 2008ƫ1Ƞ, pp.91-94. 

[22] ȯͲĻƬ, ȩƔɌȆ, ƌȲ΋ŧ, ŜȕŸ, ɲ²­ͫ, ːƓƀ̓, ŤŘΎ
¨, ɖʙ˷�, Ηȥ̈́Ĭ, ƛƘʻ³, ȯÀƬ. LNG�^nrV�e�5
��Jb��PQkn\�`�Z�]5΁%JŒʶʯ˅. Ž̍ƝɀŤ
Ŵˠ̚, Vol.58, 2008, pp.17-23. 

 [23] E. J. Wuchererm, S. Christofferson and B. Reed. Assessment of High 
Performance HAN-Monopropellants. 36th AIAA/ASME/SAE/ASEE Joint 
Propulsion Conference. Huntsville, Alabama, 16-19 May 2000, AIAA 
2000-3872. 

[24] A. Fukuchi, T. Inamoto, S. Miyazaki, H. Maruizumi and M. Kohno. 
HAN/HN-based Monopropellant Thrusters. 26th International Symposium 
on Space Technology and Science. Hamamatsu, Shizuoka, 1-8 June 2008, 
2008-a-34. 

[25] T. Katsumi, H. Kodama, H. Ogawa, N. Tsuboi and K. Hori. Combustion 
characteristics of HAN�based liquid propellant. Science and Technology of 
Energetic Materials. Vol. 70, No. 2, 2009, pp. 27-31. 



 89 

[26] T. Katsumi, T. Inoue and K. Hori. Mechanism of high burning rate of 
HAN-based solution. Science and Technology of Energetic Materials. Vol. 
74, No. 1, 2013, pp. 1-4. 

[27] N. Azuma, K. Toshiyuki, K. Hori, T. Kobayashi, T. Nagata, T. Imada, S. 
Takata, S. Fujiwara, H. Shibamoto, Y. Nakayama and T. Matsumura. 
Research and Development of HAN (Hydroxylammonium Nitrate) Based 
Monopropellant Thruster. Space Propulsion 2012. Bordeaux, France, May 
2012. 

[28] S.D. Rosenberg and M.L. Gage. Compatibility of Hydrocarbon Fuels with 
Booster Engine Combustion Chamber Liners. 24th AIAA/ASME/SAE/ASEE 
Joint Propulsion Conference. 11-13 July 1988, AIAA-88-3215. 

[29] G. David Homer and Sanders D. Rosenberg. Hydrocarbon-Fuel / 
Combustion-Chamber-Liner Materials Compatibility. NASA CR-187104, 
April 1991. 

[30] D.C. Rousar, R.S. Gross and W.C. Boyd. Supercritical Convection, Critical 
Heat Flux, and Coking Characteristics of Propane. AIAA/SAE/ASME 20th 
Joint Propulsion Conference, 11-13 June 1984, AIAA-84-1263. 

[31] S. Rosenberg and M. Gage. Corrosion Prevention in Copper Combustion 
Chamber Liners of Liquid Oxygen/Methane Booster Engines. 26th 
AIAA/SAE/ASME/ ASEE Joint Propulsion Conference. 16-18 July 1990, 
AIAA-90-2119. 

[32] S. Rosenberg, M. Gage, G. Homer and J. Franklin. Hydrocarbon-Fuel/ 
Copper Combustion Chamber Liner Compatibility. Corrosion Prevention 
and Refurbishment. 27th AIAA/SAE/ASME/ASEE Joint Propulsion 
Conference. 24-26 July 1991, AIAA-91-2213. 

[33] ȯͲĻƬδȩƔɌȆδƌȲ΋ŧδɲ²­ͫδ¢ʹ¶δːƓƀ̓δŤŘ
Ύ¨δʋͲ΋δŌĥ̕¦εǶ͠˟Œʦǣ̏λLNG�^nrV�e�7
`�Z�]ʍǑ5΁%JŒʶʯ˅εˏ51ŃŵźʽŴ͟Į̻ɸ½ε2007
ƫ10Ƞδ2C05ε 

[34] ːƓƀ̓. ëÉʘŏ�^nrV�e�7ëʖîĚ5ƽΜ%JîĚȪ7
ĎŴʢǭĊ5΁%Jʯ˅. Ž̍ƝɀŤŴ. Ęş̵ˀŴÁ̸ȋ. 2012. 



 90 

[35] T. Matsuo, K. Furukawa, T. Nakamura, K. Hori, S. Sawai, N. Azuma and H. 
Shibamoto. Safety Evaluation of HAN-based Liquid Propellant and its 
Advantages Applied to a Spacecraft. IAA 50th Anniversary Celebration 
Symposium in Nagoya – Climate Change / Green Systems. Nagoya, Japan, 
2010. 

[36] T. Katsumi, H. Kodama, T. Matsuo, J. Nakatsuka, K. Hasegawa, K. 
Kobayashi, H. Ogawa, N. Tsuboi, S. Sawai and K. Hori. Combustion 
Characteristics of a Hydroxylammonium Nitrate Based Liquid Propellant –
Combustion Mechanism and Application to Thrusters. Combustion, 
Explosion and Shock Waves, Vol. 45, No. 4, 2009, pp. 442–453 

[37] T. Katsumi, T. Inoue, J. Nakatsuka, K. Hasegawa, K. Kobayashi, S. Sawai 
and K. Hori. HAN-Based Green Propellant, Application, and Its Combustion 
Mechanism. Combustion, Explosion, and Shock Waves. Vol. 48, No.5, 
2012, pp. 536–543. 

[38] N. Azuma, K. Hori, T. Katsumi, R. Amrousse, T. Nagata, K. Hatai, T. 
Kobayashi, Y. Nakayama, T. Matsumura, S. Fujiwara and H. Shibamoto. 
Research and Development on Thrusters with HAN (Hydroxyl Ammonium 
Nitrate) Based Monopropellant. 5th European Conference for Aeronautics 
and Space Sciences (EUCASS). Munich, Germany, July 2013. 

[39] ʆƛƼͼεάŊʀĎɓˣ�^nrʈʄł7îĚεȓȧ́ˆŵźŴ½̯ε
ˏ37Ƣδˏ427īδ1989ƫδp.381. 

[40] J.E. Brady, G.E. Humistonβ̉γ. ̅ƓÐ̎, �ŉΎơ, ŤƘƲͫβ̧γ.
��qR�̂ĎŴβ�γ. ȯ±ĎŴİ³. 1998, ISBN 4807903489. 

[41] ˎ˼Ɍ΍δΰ̌Î´δƌͲȋ̐δƪƕǉŧδÃ̌ɌŁε�^nrʈʄ
łNʘ�*ʀĎɓˣʈȍ7îĚǑ˺̩Ì̪Ϋεȓȧ́ˆŵźŴ½ˏ56
ŃŵźʽŴǣ̏͟Į̻ɸ½Ώε2012δ3S05ε  

[42] άɇƊ³, ʵʙɥǌ, ȼɉ¯ƶ, ȯͲĻƬ, ɲ²­ͫεʇô̠ˆʇġǍ
ʈȍ5΁%Jʯ˅εŽ̍ƝɀŤŴˠ̚ε2009ƫ2Ƞδˏ 58Ƣδpp.33-37ε 

[43] ��������������������������
�	�
������îĚ5��Jʇô̠ʍǑ5΁%Jʯ˅εƪǞ23ƫƱŵź
͓͚d��eT�. 2012, STCP-2011-013. 



 91 

[44] A. Iijima, D. Nakata, K. Higashino, N. Tanatsugu, S. Ishimoto and N. 
Azuma. Rocket Engine Feasibility Study for the JAXA Future 
Transportation Reference System. 30th International Symposium on Space 
Technology and Science. Kobe, Japan, July 2015, 2015-o-1-02. 

[45] ːȥƲƪ, ΧƘȖȓΨ, ¡ʙŤƊ, ɲ²­ͫ, ȼɉ¯ƶ, ȩƔɌȆ, ȯ
ͲĻƬ, ʮȧ ʪ­, ȯÀƬεƊȮ͓͚˟��P��fdfp�7Ƕ͠
˟5΁%JŒʶȿ̣εŽ̍ƝɀŤŴˠ̚ε2015ƫ3Ƞδˏ 64Ƣδpp.3-8ε 

[46] R. J. Quentmeyer. Experimental fatigue life investigation of cylindrical 
thrust chambers. NASA TM X-73665. 1977. 

[47] ¡ŨĈÚɿž΄ɋĖ½. pZfr ĎŴʌͅ�f\Qhf��r. ¡
ŨĈÚɿž΄ɋĖ½óʊ. 2016, ISBN 4805916923. 

[48] A.N.I GARROD, P.G. EVANS and C.W. DAVY. Risk management 
measures for chemicals: the “COSHH essentials” approach. Jornal of 
Exposure Science and Environmental Epidemiology. 17, 2007, S48-S54. 

[49] Health and Safety Executive. COSHH Essentials. http://www.hse.gov.uk/ 
coshh/essentials/index.htm (2016/3/12Q\hf). 

[50] DEPARTMENT OF DEFENSE TEST METHOD STANDARD: SAFETY 
AND PERFORMANCE TESTS FOR THE QUALIFICATION OF 
EXPLOSIVES (HIGH EXPLOSIVES, PROPELLANTS, AND 
PYROTECHNICS). MIL-STD-1751A. 2001. 

[51] K. Tanaka. Detonation Properties of High Explosives Calculated by Revised 
Kihara-Hikita Equation of State. The 8th Symposium (International) on 
Detonation. 1986. NSWC MP 86-194, pp.548-557. 

[52] Y. Sugiyama, T. Matsumura, K. Wakabayashi, Y. Nakayama, N. Azuma, K. 
Hori, S. Fujiwara and H. Shibamoto. Research on the Shock Initiation 
Sensitivity of HAN Based Liquid Propellant by Large Scale Card Gap Test. 
The 9th High Energy Materials. Sagamihara, Japan, Oct. 2013. 

[53] ċ͊Î¦δR. Amrousseδ¡Řɺ�δȯÀƬδɻ®ʻɉͫδœǒ�εÂ
ɏǑ|s�Zd�ʱͯQ��uT�˟�ɩǶ͠ā7ʫɾεʈʄd��

eT�̸ȋΏεˏ 51Ƣδ2013ƫ 11Ƞ 20ȓδpp.470-471ε 



 92 

[54] D. G. Harlow, R. E. Felt, S. Agnew, G. S. Barney, J. M. McKibben, R. 
Garber and M. Lewis. Technical Report on Hydroxylamine Nitrate. U.S. 
Department of Energy, 1998, DOE/EH-0555. 

[55] ­αΊƥ, ʡȥͥ¨, R. Amrousse, ȯÀƬ, œǒ�. ʱͯ|s�ZdQ
��ɓɶɩ7ʈʄ5΁%Jʯ˅. ɾ̋Ŵ½2013ƫƱʼųʯ˅ʠ̓½, 
�΁, 2013ƫ12Ƞ. 

[56] ċ͊Î¦. HAN ˟ɩÄǶ͠ā7ʈʄ5΁%Jʯ˅ -�������
��������Ϳʠ-. ˮĮʯ˅ŤŴ·ŤŴ. Ęş̵ˀŴÁ̸ȋ. 
2010. 

[57] Liquid Rocket Engine Nozzles. NASA SP-8120. 1976.  

[58] Design of Liquid Propellant Rocket Engines. NASA SP-125. 1971.  

 
  



 93 

å̤̓ͺ 
 
ȧʯ˅5΁%Jå̤̓ͺN»�5ʷ%ε 
 
1. Ƿ̸͑ȋβȵ̴¹γβ3¼γ 

(1) N. Azuma, Y. Niboshi, T. Matsumura, K. Hori, T. Katsumi, K. Hatai, Y. 
Sugiyama and Y. Nakayama. Basic Properties of Hydroxyl Ammonium 
Nitrate (HAN) Based Monopropellant for Thrusters. Science and 
Technology of Energetic Materials. Vol.78, No.2, April 2017. 
βǷ͑ɕŻδǷ͑��eȦŻγ 
 

(2) A. Iijima, D. Nakata, K. Higashino, N. Tanatsugu, S. Ishimoto and N. 
Azuma. Rocket Engine Feasibility Study for the JAXA Future 
Transportation Reference System. Transactions of the Japan Society for 
Aeronautical and Space Sciences, Aerospace Technology Japan. Vol.14, No. 
ists30, 2016, pp.Po_1_17-Po_1_23. 
 

(3) R. Amrousse, T. Katsumi, N. Itouyama, N. Azuma, H. Kagawa, K. 
Hatai, H. Ikeda and K. Hori. New HAN-based mixtures for reaction 
control and low toxic spacecraft propulsion subsystem : Thermal 
decomposition and possible thruster applications. Combustion and 
Flame. Vol. 162, Issue 6, June 2015, pp. 2686-2692. 
 

 
2. ŉΌŴ½β3¼γ 

 (1) N. Azuma, D. Ogawa, A. Iijima, K. Higashino, T. Hiraiwa and M. Oguma. 
Material Compatibility of Bio-Ethanol Fuel with Rocket Engine Combustion 
Chamber Cooling Channels. AIAA Propulsion and Energy 2016. Salt Lake, 
U.S., July 2016, AIAA-2016-5088. 

(2) A. Iijima, D. Nakata, K. Higashino, N. Tanatsugu, S. Ishimoto and N. 
Azuma. Rocket Engine Feasibility Study for the JAXA Future 
Transportation Reference System. 30th International Symposium on Space 
Technology and Science. Kobe, Japan, July 2015, 2015-o-1-02. 

 
 



 94 

(3) N. Azuma, K. Hori, Y. Niboshi, T. Katsumi, Y. Nakayama, T. Matsumura 
and Y. Sugiyama. Basic Properties of Hydroxyl Ammonium Nitrate (HAN) 
Based Monopropellant for Thrusters. 10th International Symposium on 
Special Topics in Chemical Propulsion & Energetic Materials (10-ISICP). 
Poitiers, France, June 2014. 

 
3. ŉéŴ½β1¼γ 

(1) ƌƛŤ͒δΧƘȖȓΨ, Ƚ�ɧǏδ¡ʙŤƊδȯͲĻƬ, ȯÀƬ. zS
WVkx���^nrV�e�5��Jb��PQkn\�`�Z�

]7îĚʍǑ5΁%JƽΜ̩Ì. ȓȧ́ˆŵźŴ½ďͬȃͬ2016ƫ
̻ɸ½̓ȍ. ρƩƣ, 2016ƫ3Ƞ, N16007. 

 
4.  ğ˴̸ȋˑβ8¼γ 

(1) N. Azuma, T. Matsumura, Y. Niboshi, T. Katsumi, K. Hori and Y. 
Nakayama. Safety Evaluation of Hydroxyl Ammonium Nitrate(HAN) Based 
Monopropellant for Thrusters. The 9th High Energy Materials. Sagamihara, 
Japan, Oct. 2013. 

(2) Y. Sugiyama, T. Matsumura, K. Wakabayashi, Y. Nakayama, N. Azuma, K. 
Hori, S. Fujiwara and H. Shibamoto. Research on the Shock Initiation 
Sensitivity of HAN Based Liquid Propellant by Large Scale Card Gap Test. 
The 9th High Energy Materials. Sagamihara, Japan, Oct. 2013. 

(3) Y. Niboshi, T. Shiroki, T. Katsumi, R. Amrousse, N. Azuma and Keiichi 
Hori. Investigation of Combustion Wave Structure of HAN-Based Liquid 
Monopropellant. The 9th High Energy Materials. Sagamihara, Japan, Oct. 
2013. 

(4) N. Azuma, K. Hori, T. Katsumi, R. Amrousse, T. Nagata, K. Hatai, T. 
Kobayashi, Y. Nakayama, T. Matsumura, S. Fujiwara and H. Shibamoto. 
Research and Development on Thrusters with HAN (Hydroxyl Ammonium 
Nitrate) Based Monopropellant. 5th European Conference for Aeronautics 
and Space Sciences (EUCASS). Munich, Germany, July 2013. 

(5) ʡȥͥ¨, ­αΊƥ, R. Amrousse, ȯÀƬ, œǒ�. HAN˟Ƕ͠ā7ʈ
ʄ5΁%Jʯ˅. ƪǞ 25ƫƱŵź͓͚d��eT�. 2014ƫ 1Ƞ. 



 95 

(6) ­αΊƥ, ʡȥͥ¨, R. Amrousse, ȯÀƬ, œǒ�. ʱͯ|s�ZdQ
��ɓɶɩ7ʈʄ5΁%Jʯ˅. ɾ̋Ŵ½ 2013 ƫƱʼųʯ˅ʠ̓½, 
�΁. 2013ƫ 12Ƞ. 

(7) ƪƕǉŧ, ȯÀƬ, íʙÕŧ, ƌȲǓŵ, ɖʙ˷�, ̄ʙ×ş. ŵź͓
͚�nd��ȧͬ5��JVkx��ζʀĎɓˣʈȍǶ͠˟ʯ˅. ƪ
Ǟ 23ƫƱŵź͓͚d��eT�. 2012ƫ 1Ƞ, STCP-2011-014. 

(8) ΰ̌ǜį, ȻĜŔ―, œǒ�, ċ͊Î¦, ȯÀƬ, ƌȲǓŵ, µʙά
Ɨδάʙʪ�. ÂɏǑǶ͠āǶ͠˟ʯ˅Ϳʠ̢ʛ. ƪǞ 23ƫƱŵź͓
͚d��eT�. 2012ƫ 1Ƞ, STCP-2011-022. 

  

 
 
  



 96 

̼͕ 
� ȧ̸ȋ7�ͬ7ʯ˅8δJAXA2Ž̍ƝɀŤŴ7æİʯ˅5��0̎MK
@#*�δ Ɉ΁7΁ÍɃ˗�Hæİʯ˅7̎͡@1δȼɉ¯ƶı̮ȇǲ5

8ȹù7!ƎĄNΝ�@#*εßʖ58ƌʖ�ŤŴ·Ñş̵ˀ7ŤŴ·ʖβ

º5D!ǬƋ�*+�@#*�δßʖ7!ǬƋ7���1  @17˨ȴ�

ǆHK@#*εǊGIǘ̼�*#@%ε 
� ȯͲĻƬȇǲ8δĘş̵ˀãŴ7�-��N��0�*+�δ@*ãŴǄ

7ʯ˅1DʇǊ5!ǬƋ�*+�Ťš��̫54I@#*εßʖ7!ǬƋ4

�#08δŴÁģǆ8ŅΒ1#*εǊGIǘ̼�*#@%ε 
� µ®̃­ȇǲ8δƌʖ7Ęş̵ˀθƫʧ�HǬƋȇŹ2#0!ǬƋ�*+

�@#*εʯ˅�G;ȧ̸ȋÆǞ5�*Iʢʴ4!ǬƋ�*+�@#*εǊ

GIǘ̼�*#@%ε 
� HAN5΁͟%Jʯ˅N̎�5�*Iδŵź́ˆʯ˅ͿʠɈɃŵźʽŴʯ˅
ǟ7œǒ�ȇǲ58ʯ˅7żȑ�H˴ƃδȵ̴̸ȋÆǞ@1Ʉ�4!ǬƋ!

ƎĄN�*+�@#*εǊGIǘ̼�*#@%ε 
� zSWVx��7b��PQkn\�`�Z�]7̪Ϋ5��08δŽ̍

ƝɀŤŴŤŴ·5ŋ˘#0�JΧƘȖȓΨūĩδƌƛŤ͒ɑδȽ�ɧǏūĩ

58̪Ϋżȑ�H̩Ì5΁%Jʩ̷@1Ťš��̫54I@#*εHAN5΁
%Jʯ˅18δͼƔǣ̏ʽŴŤŴ7ċ͊Î¦ïȇǲδ̪Ϋżȑƹβ JAXA7
œßʖ7ʯ˅Ž5ŋ˘"K0�@#*­αΊƥɑδʡȥͥ¨ɑ58̪Ϋ7ż

ȑEq�k7Ȋʔ�̩Ì5��0!ĖĄ�*+�@#*εʣɄ7���1ȧ

̸ȋ5΁%JǞȴNǆJ 2�1�@#*εǊGIǘ̼�*#@%ε 
� JAXA7ɖʙ˷�ɑδƌȲǓŵɑδėͰʻȖɑN8$C˸ŗ7Ȑ58δʯ
˅̢ʛÆǞ�Hżȑ@1δ"H5ƌʖ7ʸ½³s\k�7ɣĊ2·¬7 ˊ

5ʔ̠2QszSfN�*+�Ʉ�4ƺ1b��r�*+�@#*εǊGI

ǘ̼�*#@%ε 
� ȟǄ5δƌʖ7ſȒ4H;5̞Ȓ8Ęş̵ˀ͠Ŵ5ʔ̠Nʷ#δĖĄ�*

+�@#*εǊGIǘ̼�*#@%ε 
 

2017ƫ 3Ƞ� ȯÀƬ 


