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5+�ƒ�Ã5b�Ñ1� �o �_ �� �Ñ,Ì4»-è	¥�Z#ý	_&Œ9C
`#ý	_� ��(Wildegger-Gaissmaier��2003,��McFadden

2003,��FÁ5b8 ‡ 2003).��#ý	_��0���Ô/¡P¬��6Ñ!:�<,��� ¢ 20 �ê4 ~ 80 �H�·,XL�� "+�ì�]� � 2019 �H,X	

�ý�n�ì�],���	¥�ù�Z�¼�û�0*ü,��	ª�k�Z8C�Q,X�0�ì���p.

#ý 	_ !: �< �� �Û>™�?#ý 	_&Œ9C,X !: �<>™�Û,��Eî �� >• �æ �Ú �9 �' /Ã 'ÚED!: �<2O�ÿ ��(�" � k 2005,

Trzci��ski��et��al.��2015)��.��#ý	_&Œ9C���¢�J���ø��2ô��(&Á�Ã	_�o)���9
Q	á,X,���³thermobaric�´���Ô�þ	Ü�ä

A¡AÁ,���97¾�b�à7�AÁ�³therme�´
`�³baros�´,���ø�þ	)A¡,X�ã�ñ�Ú�ÿ���³&Á�´
`�³	_�o�´,���ã
G-�#ý	_&Œ9C

��?U�ý*üP¬���z&Á
`	_�o!•�ø,Â�Û��(Trzci��ski��et��al.��2015,��Lemi��T�hRKER��2016)��.��#ý	_&Œ9CÎ�b'—

&»
`'Ú&Œ�ø/¡Gž6Ñ�•�ã�{*óP¬���z,X&Á
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�žF'�ô�•�J4©E›?¦:�E¯�9��.�(��á6Ñ��E’,X��•,���ü4§�X�á��,X��ß%F'
`A’�‘���K�Ý(À(M,X

���ø���

`�ì�“,�����ô4³�9 C (�¹.�(��êG¥�2�Ø#��0����?U���ø��!‰) L’�¹!¨�³,X.

�˜5+�ƒ��1��Ô�þ�Ô	¥#ý	_!:�<,X�Ñ�Š,���üL�� "+�ÃE:7·�ì�]
`��G 2G�n
 ` 2019 �H,X	�ý�n

�ì�]����ûG£�S*ü�ZA¹2O!:�<.��1984 �H>™�Û, X RPO-A��Schmel !9�I*ü&?1•�,��>•�@Ax�����ê+ �Þ

1��Ô!�#ý	_!:�<,��L�� "+�ì�]��,���Í"ò0H
`L{F'2Ï4³��,Â�ÛEô�ä�Z�ùG¡.�#��(Schaefer��&��Nicolich

2015)��.����,È� � 2003 � H 3 � Ü 5 �¹,��5b�oED&ŒL�� "+�ðF¼,X�t�‹�M�E6Ý��	â,��CNN �Í�<)×E¯> �Z�•

�y,���³#ý	_!:�<�´���Ã���³#ý	_��´
`�³#ý	_&Œ9C�´�!>•�<�ê+ �S"¯-¹F',��E/¡�„_!:�<�ü�ê+ 8×�È�Y	«

�� �Z �U�û�G"¼.��2019 �H,X	 �ý �n �ì �] �� ,���˜5+�ƒ�ü 	 �ý �n,X
œP@,Õ
` �Þ�‹ �ý 	0 �i �‹ �Z �h �n �
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�¡5��#2Ï4³�Ã#Å�9,X-è0J,�����[

��4§�â�Ú�d�Z�Ñ�Y�ê#ý	_&Œ9C,X-è0JE¯�),���¹�ó�È#Å�9)Ú?·#ý	_&Œ9C,X'Ú&Œ(=)Ú��Bü,����P¬�Õ�o
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#ý	_&Œ9C�Ô8�+�P¬'Ú&Œ9C�ÃP¬&Á��G¥�22]
`2l4§��/Jq�ê��/�r�%��1�4˜�Ú4˜�ä,��#ý	_'Ú&Œ

,X	s)Ú�â2]�ì
`!è�''Ú&Œ2O��.���J��P¬'Ú&Œ9C
`'—�m��NX��#Ë	Ü�Q,X,��'—�m�=�7��EîE›'ÚED�r)„

,X��(J±2]1�'—�m�ü'ÚED	¡�h	��Y�\�å�êÎ���á	¡�h)��,��'—�m�Ã�þ	¡�h�`�<,X'ÚED�{(=
`0N!è#Ë	Ü

	¥*ó'Ú'—
`'—&»	¡�h.��#ý	_&Œ9C,X'Ú&ŒE›/ß�Ô8��Ú���Ý�þL
!‰.

(1)��'ÚED	¡�h:��'ÚED"¶�ü>™9C��,X�ô�•E›/ß,���Õ4Á�ÊKÈ���‚/¦�ê�å�b�‚/¦,��'—�m2f�$	å
<�È�o

"æ,�����´�"�þ	¡�h;

(2)��	`!û'—&»	¡�h:��4±&Á7|6”E›/ß,��'—�m2f�$��(Al 2]1�)���â�J�ª'ÚED�{(=��(NO�ÃCO�ÃH2O 1�)

	¡�h,��0N!è�þ	–�â	¡�h,���Õ4Á�ÊKÈ���D,R�‚/¦;

(3)��	â'—&»	¡�h:��'—�m2f�$��(Al 2]1�)���â0N!è��,X!û#Ë	Ü'—&»,��'—�m
`�þ!û�ê�`�<,X'ÚED�{(=

�â0N!è��,X!ûE¯�Ô!9'—&»	¡�h,���Õ4Á�ÊKÈ��!¿/¦��/¦.

#ý	_&Œ9C�ÝL$0NKÈ�YF¼'Ú&Œ,X�Ý�þL
!‰�V� * 2 ��/�.

#ý	_&Œ9C,X�Ô�þG¡?U(M�U���K�Ý'Ú&Œ�r�����h,���J��?U�{�
�´2ô�V�ß:��(1) �h*ü)ƒ�W��	«L$

0NKÈ,���Ô��)ƒ�W��,��'—�m2f�$
`'ÚED�{(=,X�¿Eó�=�7L!�"�Z	¡�h��)[,��	â'—&»	¡�h�{*ó,X&ÁG£�á

6Ñ�.�Ý�����„�s;��(2) �ûF¼�Ú'—�m2f�$��(Al,��Mg,��B,��Ti 
 ` Zr 1�)���ü'ÚEDE›/ß���þ	¡�h,����	â'—&»	¡

�h�¤�o�ûG£P¬&Á��'—�m;��(3) �K�Ý	ÜEÖ,X&•&?��%”$d�J�ÝC‡�ó,X!û*ü�b4È�Õ'—&»	¡�h,X�Õ4Á�û;

(4) '—�m2f�$�â0N!è,X#Ë	Ü/ß�z�‡�n�Z'—�m,X	¡�hGž6Ñ��)[.���â2]�ì'Ú&Œ,X�™?U�5�Ê,Ì!¨,��#ý	_

&Œ9C�î�Z�{�
�´2ô.
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#U�·%ä8›�5K|/¦K �±F�'2%ä+°�5�VKb á (Arnold��&��Rottenkolber��2007,��2008)

1� ��1���ó 6µ�c�ó ����_#: ���Fg�Ñ�� ���6j�± ������#ý	_&Œ9C,X(M�û	ž	¥�))„(Š 55



	Ã?•,��#ý	_'Ú&Œ��&•'ÚED
`�eLÒ'ÚED,X4§	Ü�',��'Ú&Œ�ñ�ó��('ÚED	¡�h
`	`!û'—&»	¡�h)�����±6.

�Õ&Œ9C,X&•'ÚED,��	â'—&»	¡�h�í�â�eLÒ'ÚED2O��,��'—�m�â0N!è#Ë	Ü	¡�hGž��6ÑG£.��

3��������$_	Á&î9¥,º�¸�+
Â�»#ë

)Ú?·#ý	_&Œ9C,X��Bü��A’Au
`�S*ü#ý	_&Œ9C,XÎ.�,��,Â�!�Ñ�Y�ê�G�b#ý	_&Œ9C,X�V�É
`8×

+HE¬�á�â.B.��Mohamed��1���(2016)��Ax��#ý	_&Œ9C,X4˜�ä�Ã�0*üE›/ß
`'Ú&Œ�s��FÑ�â��	��ÿ�b�Ô8�

,X	ÿJ±&Œ9C.���<�«�%1���(2017)���Û�Î�³�Ô8�	ÿJ±&Œ9C,XJ±	ÿG£�áCYE › 20%,��E���´���J��,XJ±��?U

�â&Œ9C'Ú&Œ,X!è�'�{(=	¡�h,��LÔ?U�â&Œ9C��KÈ�±�Õ�Ô�n,X!û�G>5.��5à#ý	_&Œ9C��,XJ±	ÿG£Eî���È

P¬,��J±��?U�â
<�È0N!è��,X!û!è	¡�h,���ÝP¬#ý�{(=E¯> �` õ&•&?,��#ý�z���p�ÈP¬�´.���J�r,���´AŽÎ�b

J±	ÿG£E¬��	â'—&»	¡�h�9	��Ú#ý	_&Œ9C�â	ÿJ±&Œ9C,��+ M6FÑ���õ2ž�á#Ù,X,���´��!:�<>™�Û���S*ü

,X#ý	_&Œ9CFÑ	ÿ�ÝJ±2]1�G¥�2'—�m,���K�Ý#ý	_���h,���_�V,��5b�o, X BLU-121/B #ý	_�‰�O�  (Jane�¶s

Air-Launched��Weapons,��26�±May-2020) 
`&Œ���!¡��(MOAB)��(Barbara��2003) >™�?�� � Tritonal &Œ

9C,��A¹&Œ9C+ � 80%��TNT 
 ` 20% J±2]4˜�ä.���� �� �Z9‹�kEW�û,X#ý	_���h,��#ý	_&Œ9C,XJ±	ÿG£�Ô8�

� ü 20%���a��30% 8×�È.���´!8,��2’4š�ê�{�
'Ú&Œ6ÑG£Eg�Î4§�X,��9‹�kEW�ì,X#ý	_���h��A’Au#ý	_&Œ9C

,X�GK���()_�'�Ä��2016)��.

 û#� �Ð�2Ï4³ �@	Ì �‹ �Ñ�ì �kF¼�$�@	 Ì (MBDA-TDW) , X Arnold��
` ��Rottenkolber��(2007) �ü�³

#ý	_>™9C:���õ_
`#�A©�´�Ô�[���Û�Î:���³#ý	_&Œ9C���Ô/¡� '—�m&Œ9C��(�êBó!û&Œ9C)��,���W,X'ÚED�{(=

��	ÿ�Ý�ûG£�þ�`�<!û�ê,X'ÚED�{(=
`�þ	¡�h'—�mNk2f,��&Œ9C'ÚED	â,��E�o�þ�`�<!û�ê,X'ÚED�{(=


`�þ	¡�h'—�mNk2f�â0N!è��,X!û	¥*ó'—&»	¡�h,��	Ã9‹�kL��t6ÑG£,��E/¡'ÚED	â,X	¡�hGž6Ñ)„B5/Ä

��#ý	_���h.���ßM6�¹E¥��LÊ!û�G>5,X"Ä�]��(PETN)���Ã�ùG¡Bó!û�G>5,X�ƒ�=�ƒ��(TNT)��
`	ÿJ±&Œ9C

(Tritonal)�����_�Í#ý	_���hE¯> AÈ�â.

(1)��E¥LÊ!û�G>5,X&Œ9C��(PETN)

'—�m
`!û�ê��,X�ê�:AuG£!¨	Ã�¹�S'ÚED�{(=�`�<!û�ê,���´LÔNq�ê,X!û�ê��,��&Œ9C��D•�SEQ�Z

���Ý	Ã�ý*ü6ÑG£.

�_�V�7�Þ�¯G[�¯.1GLGC��(PETN)��:

'ÚED	¡�h

'—&»	¡�h

+��Þ�ã	Ã-¹,��PETN 'ÚED	¡�h	â,���™� Ý 2��mol '—�m��(CO)���K�Ý�â0N!è��!û	¡�h,X%0�o,��	â'—&»

& Á 1.79��kJ/g,���™� � PETN 'Ú&Á, X 30.9%��(PETN ,X'Ú&Á� � 5.80��kJ/g)��,��#ý	_���hEW�ã.

(2)���ùG¡Bó!û�G>5,X&Œ9C��(TNT)

�ùG¡Bó!û�G>5,��'ÚED�{(=��	ÿ�ÝAŒ�î�þ!û�ê,X(=Bü,��	Ã�â0N!è��!ûE¯> 	¡�h.

'ÚED	¡�h
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'—&»	¡�h

TNT 'ÚED	¡ �h 	â ,��2mol��CO,��0.5mol��H2 
 ` 4mol��C 	Ã�â0N!è �� ,X!û 	¡ �hGž��6ÑG£,��8 ¹ 2��mol

CO,��0.5��mol��H2 
 ` 4��mol��C �`�<	¡�h,��'—&»&Á� � 10.05��kJ/g,���� �rL�� Þ TNT 'ÚED	â�,�üEW�î,XT¥

&³,��AÈ�â'ÚED�{(=���ûG £ C �J�þ�`�<'—&»	¡�h.��Arnold��
`��Rottenkolber��(2007)��Au1k�k� � TNT 'Ú

ED	â,X	â'—&»&Á� � 8.1��kJ/g,��� � TNT 'Ú&Á��(4.52kJ/g)��, X 179.2%,��#ý	_���hEW�û.

(3)��	ÿJ±&Œ9C��(Tritonal)

A¹ &Œ 9C + � 80% , X TNT 
 ` 20% ,X J± 2] 4˜ �ä ,��Au 1k �k � � 1.0��kg #Ë 	Ü &Œ 9C ,X �ê �: �Ú �$ �ã ��

C24.67H17.62O21.15N21.15Al7.41,���Ý'ÚED�{(=� � CO2 Au1k,���J!û�G>5���í0.77,��G›* ü B-W �•"©.B

�n	¡�h�•/ß�ã.

'ÚED	¡�h��(��A’J±2]�á	–�â'ÚED	¡�h)

'—&»	¡�h

Tritonal &Œ9C'ÚED	â ,��12.34��mol��CO,��12.33��mol��C 
 ` 7.41��mol��Al 	Ã �â0N!è �� ,X !û 	¡ �hGž ��

14442��kJ 6ÑG£,��!£ 	) �!BüG£&Œ9C'—&»Gž�� ,X6ÑG£� � 14.44��kJ/g,��� � Tritonal 'Ú&Á��(7.41��kJ/g)��,X

194.9%,���yE ¥ 2 �á,��#ý	_���hM2���û.

�q�B�ÞEÄ�Ú�d,��	Ã�â.B#ý	_���h��:��&Œ9C'ÚED	â,��'ÚED�{(=�Ã'—�m�â0N!è��!û	¥*ó�¿Eó'—&»

	¡�hGž��6ÑG£,X)„B5.���´!8,��	ÃÎ�b#ý	_���h�9	��Ú#ý	_&Œ9C
`M2#ý	_&Œ9C,��'
5à� '—�m��(�êBó!û

�G>5)��,X&Œ9C��K�Ý#ý	_���h,��LÔA’�n�Ô�þG£�ê,X�Û�š,��	G#ý	_���h��(�ê	â'—&»6ÑG£)��P¬�b�¤�þ�Û

�š��,���!	Ã/Ä��#ý	_&Œ9C.��Gerber 1 � (2010) �¤�Î�Ú	â'—&»6Ñ�â'ÚED6Ñ,X!¨�� �0��

#ý	_&Œ9C,XA’Au�Û�š,��EG �ÎA‚�Ú �0���ø�n#ý	_���h,XÎ�š.
��

4��������$_	Á&î9¥,º(¯�·
��

4.1��������$_	Á&î9¥,º0�2±
�H�73(¯&ï

�Ñ�Y�ê�Í#ý	_&Œ9CE¬"u�Ý4³�Ô,X�Ú2O�•"©,����?U,X�Ú2O�q�B�Ý&Œ9C4˜�ä�Ã6ÑG£Gž��(M&•
`

CK'Ú�•�ã1�.��,Â�!,���Ñ�Y�ê#ý	_&Œ9C��?U�Ù� À TBX 
 ` EBX,���J��?U(M�U�V�ß.

(1)��#ý	_&Œ9C��(Thermobaric��explosioves,��TBX)

�Ù�À#†�Î
`�<�Î�ø2O,��#†�Î_��?U+�.1Î+�& Ë (NM)�Ã.1GL�Ö�íG C (IPN) 
 ` Mg 2]4˜�ä,���Ô	¥


`�S*ü5Ù��?U���˜5+�ƒ,��IPN ,XK¾+	&•&?#ý� z 22���,���\�•�ç!è�ê
`&•&?,���J'—&»�{*ó,X&m&Á!è�'

6Ñ�ó���ÕG¥�2,X'—&»,��	Ã6ÑE’� � 100% ,X'—&»��)[,�����ü�]�<�û�Ã�|�,1��•M6�,�üKÂNl.���Î�Õ#ý	_

&Œ9C,���Ô8�+�P¬'Ú&Œ9C��(RDX,��HMX 1�)���ÃG¥�2'—�m��(B,��Al,��Si,��Ti 
 ` Zr 1�)��
`0Ã5s2l4§��1�4˜�ä,

�J�ì�“���]�<�û�Q,���w�“��G¥�2'—�m�á�`�<'—&».���´!8,��'—�m4˜�Ú�Ô8��áCYE › 35%,���û�î�D�±�Õ�ü

20%���a��30% 8×�È.

1� ��1���ó 6µ�c�ó ����_#: ���Fg�Ñ�� ���6j�± ������#ý	_&Œ9C,X(M�û	ž	¥�))„(Š 57



TBX ��?U�����Z�r�t'Ú&Œ,X#ý�z
`	_�o,��E2O&Œ9C�K�Ý'ÚED�í'Ú'—�í	â'—&»�ÝL
!‰Gž6Ñ4§�X,

CK'Ú�•�ã���Ô õCK'Ú.��'—&»	¡�h��?U+�'—�m
`0N!è��!û!è	¡�h���Ð,���r��	â'—&»6ÑG£.

(2)���r��'Ú&Œ&Œ9C��(enhanced��blast��explosives,��EBX)

EBX ,X4˜�Ú�â�Î� Õ TBX 2O��,��� � EBX ��?U���r�t�†�Ï"¶��(	ÃE’/¦4{)��,���ø2O&Œ9C	Ã�¹�q�B

	â'—&»6ÑG£
`	¡�h�� �zE¯> �æ�Ú.��EBX E2O�$�m,����?UE¯> 	`!û'—&»	¡�h��(0N!è��!û�J"u�Ý	–

�â)��,��	G'ÚED"¶�tE›	â,���û�î�D'—�m�â'ÚED�{(=	¡�h��(�D,R�‚�m)��,��*ü�b�r���†�Ï"¶.��E2O&Œ9C�K�Ý

'ÚED�í'Ú'—�`L
!‰Gž6Ñ4§�X,��CK'Ú�•�ã���Ô õCK'Ú.

L8�Z�ÞEÄ�ø2O#ý	_&Œ9C,��/¥�:�Š�ÀE¬A©�Ò�ý*ü>™9C4§�X�9�¤	�#ý	_���h,��Trzcin�•ski��
`��Barcz

(2012,��2014)���Ô	¥�Z�Ô/¡�†�Ï�Ú�7>™9C��(shock��dispersed��charge,��SFE)��,��E2O>™9C�P�K'—�m0N!è&Œ

9C
`#ý	_&Œ9C,X(M&•.��>™9C4§�X�â'—�m0N!è&Œ9C2O��,��+����—9C�Å��(/Ä��8ƒ,��Eî����P¬'Ú&Œ9C)��
`

�êF¼'—�m4˜�ä,��P¬'Ú&Œ9C�â'—�m���Ú�Ô,X,���ê��'—�m���Î�Õ,X;��'Ú&Œ	¡�h�â#ý	_&Œ9C2O��,��'Ú&Œ	¡

�h�Ù	ÿ�ø�þ> ��L
!‰:��(1)�����—P¬6Ñ&Œ9C	¥*ó'ÚED	¡�hPE�|'—�m�Ú�7;��(2)���ê��'—�m�â
<�È0N!è#Ë

	Ü,��#\5ë0N!è��,X!ûE¯> �Ý!û	¡�h.

P¬'Ú&Œ9C�Ã#ý	_&Œ9C
`'Ú.��r��&Œ9C,X�†�Ï"¶	_�o�í�ÊKÈ	Z/ß�Í!¨�V� * 3 ��/�.

= ” 1 ���á	à2O_#ý	_&Œ9C/>™9C,X	¡�h(M�U	ž�h*ü)ƒ�W�Í!¨.��

��

��

�*����

HE,��TBX 	 ¸ EBX +°'2%ä"��·�Ç�²/7��(Trzci��ski��et��al.��2015)

>ž��1���������C
B2±Á$_	Á&î9¥/>û9¥,º
��Ê(¯�·
��Ê+^)å�¹�/"


2O_ >™9C4§�X �0*üE›/ß 	¡�h2O_ 	¡�h���z �h*ü)ƒ�W

FAE
�Y�ê��4§�X ,���Y��P¬'Ú&Œ9C,
�ê��#†�Õ�ê#†�Î#Ë	Ü'—�m

�o"æ�Ã�` õCK'Ú �Ã'ÚED 'ÚED �D,R!¿/¦ �Ô��)ƒ�W

TBX �<�Î�Õ>™9C�Î#†#Ë	Ü(= 'ÚED�Ã�o"æ�Ã�é'— 'ÚED�Ã'Ú'—�Ã'—&» �D�‚/¦7Ç/¦ �šKÁ)ƒ�W

EBX 	)�Ô�Î�'>™9C 'ÚED�Ã�o"æ�Ã�é'— 'ÚED�Ã'Ú'— �D�‚/¦7Ç,R!¿/¦ �šKÁ)ƒ�W

SFE
�Y�ê��4§�X ,���Y��P¬'Ú&Œ9C,

�ê���Î�Õ2]�ÿ'—�m
'ÚED�Ã�o"æ�Ã�é'— 'Ú'—�Ã'—&» �D,R!¿/¦ �šKÁ)ƒ�W

"¼:��><��FAE�����Z�Í!¨#ý	_&Œ9C�â'—�m0N!è&Œ9C,X	��ÿ.
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4.2��������$_	Á&î9¥,º73H��º�F

#ý	_&Œ9C'Ú&ŒGž��,X6ÑG£+�'ÚED6ÑG£��(�ê'Ú&Á)��
`'—&»6ÑG£�X�ä,��'ÚED6ÑG£��'ÚED���„6Ñ
`

&Á6Ñ�� 
` .���� 	¾�Ý�� �„6Ñ�� 'Ú&Œ"¶,XPE�|$d,��&Á6Ñ�Í 'Ú&Œ"¶"u �ÝBõ) � (Arnold��&��Rottenkolber

2007).�� '—&»6Ñ�� '—&»�� �„6Ñ
`&Á6Ñ�� 
` .���0-� 6 �Ò�� 'ÚED
` '—&»,X&Á�| �o �:CÃ�X�V � * 4 
` � * 5

��/�.

Arnold��
`��Rottenkolber��(2007)��Au1k�k��, X TNT 'ÚED6Ñ
`0N!è��,X'—&»&Á?•= ” 2 
`= ” 3.

+�= ” 2 
`= ” 3 	Ã-¹,��'ÚED6ÑG£4±�û�î�D*ü�9�.���„�s,�����k"¼�ã,X��'—&»	â�Ý�ûG£,X�=�-&Á

6Ñ��(8.1��kJ/g)��,��E�o&Á6Ñ�á6Ñ*ü�b�.���„�s��(!•�ø)��,�����ü	«L$0NKÈ�Y	Ã�t&Á'Ú&Œ	â,X!è�'�ŸBü�r

�û�šM-�Õ	_�o.

#ý	_&Œ9C��(Bó!û�G>5�ê�  '—�m&Œ9C)��,X��6ÑG£Au1k�@�ã��(Donahue��et��al.��2004,��Richard��et��al.

2006)����

��

��

�*����

'2DœDó/7+°&��Ç�’C��°��(�0-� 6 �*)��(1��atm��=��101.325��kPa)��(Arnold��&��Rottenkolber��2007)

��

��

�*����

&ï&�Dó/7+°&��Ç�’C��°��(�0-� 6 �*)��(Arnold��&��Rottenkolber��2007)

1� ��1���ó 6µ�c�ó ����_#: ���Fg�Ñ�� ���6j�± ������#ý	_&Œ9C,X(M�û	ž	¥�))„(Š 59



���ê��

�ã��,�� ��&Œ9C,X��6ÑG£,��kJ;����'ÚED6Ñ�ê�ñ�Ÿ�†�Ï"¶6Ñ,��kJ;�� ��	â'—&»6Ñ,��kJ;��� T ���ÊKÈ,��s.

7¾+�0NKÈ
`�ÝL$0NKÈ�Y'Ú&Œ,X	_�o�í�ÊKÈ"¶�V� * 6 ��/�.

Kim 1���(2004) #�G£�Z�Ý/ ¡ PBX &Œ9C�üL{F'�Y'Ú&Œ,X�šM-�Õ	_�o,��*ü�bA˜��&Œ9C,X�Y'Ú&Œ�û

6Ñ,���J!¨EW�Z0N!è��'Ú&Œ�Õ�o
`4§�X�YF¼'Ú&Œ�Õ�o,X�Â�Ö,��4§�p?•= ” 4.

+�= ” 4 	Ã-¹,��DXD-10 ,X0N�� 'Ú&Œ�û6Ñ�Ô�Q,���Y'Ú&Œ�û6Ñ�Ô�Â;��DXD-18 ,X�Y'Ú&Œ�û6Ñ�Ô�Q,

>ž��2��������TNT (<E¦73,ºA×1Í�r

E›/ß 'ÚED6ÑG£/(kJ ��kg�í1) 6ÑG£2O_

�†�Ï	_4ý �í1.41

1�'‰7|6” 5.94

1�	_�‹	H 4.53 4.53 'ÚED���„6Ñ

0.08 'ÚED&Á6Ñ

4.61 'ÚED��6ÑG£

>ž��3��������0°"J�c'ù'�'#,ºA×1Í�r

E›/ß '—&»6ÑG£/(kJ ��kg�í1) 6ÑG£2O_

�†�Ï	_4ý 0.0

1�'‰7|6” 6.4

1�	_�‹	H 6.4 6.4 '—&»���„6Ñ

8.1 '—&»&Á6Ñ

14.5 '—&»��6ÑG£

��

��

�*����

/¦�Y	¸�5K|/¦K �±'2%ä+°�·�Ç�í�"K "��Ž�*.��(a)��7�*]/¦!@� Y (6�»�K	¸�·"’��2013),��(b)��3ÿ�°�±F�
'2% ä (Richard��et��al.��2006)
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0N��'Ú&Œ�û6ÑEW�Â,��6ÑG£�X�ä,X�Â�Ö�Ð7È7¾+�0N!è��'Ú&Œ�û6Ñ�Q,X&Œ9C�ü�Y'Ú)ƒ�W�ß'Ú&Œ�û6Ñ

�þ'
�á	à.��

4.3��������$_	Á&î9¥,º(<&î
��Ê�p�l

�â)Ú�Ç&Œ9C
`'—�m0N!è&Œ9C�á	à,��#ý	_&Œ9C�K�Ý'ÚED�Ã	`!û'—&»�Ã	â'—&»�ÝL
!‰,X'Ú&Œ6Ñ

G£Gž��4§�X,���J�áLÔ?U'Ú&Œ(=�<F¼E@�6�ä'ÚED.��	à�Ê,��4z�3)ƒ�W�3��#ý	_&Œ9C'Ú&ŒE›/ß��P¬��Gž

6Ñ,XG¡?U�E
¡�´2ô.��#ý	_&Œ9C'Ú&Œ	¡�h,X(À(M�û�ü�b:

(1)��&•&?�Ê��,X�`5b�{�
.���`�{'Ú&Œ#Ë	Ü(=,X&•&?�ÊKÈ,���V�p�Î�Õ'—�mE›�½&•&?,���Ð7È�`�<'Ú

ED�J�á6Ñ$µC‡�r��'Ú&Œ,XLÔ"�.��	à�Ê'Ú&ŒE›/ß'—�m�™NO�¹	ÜEÖ,XEó�z�Ú�7,���¶�á6Ñ�þ�¿�3�á6Ñ�þ

�6.���V�pE�þE›/ß�þ�¿,��'—�m�Ú�7�þ�S,���{*ó,X&Á�š�z�þ�ã�í�á6Ñ�é	¥Lc	â,X'—�mNk2f!û�ê,��'—&»

E›/ß	Ã6Ñ�� �• ;��8¹ �Ú�7Eó�z�þ�6,���í 	Ã6Ñ�{*ó 'ÚED,���ê '—�m�â0N!è#Ë	Ü/ß�zEW�",���Ð7È	¡ �h �á

�`�<.

(2)���‘���z,X6ÑG£Gž���ÊKÈ.��#ý	_&Œ9C�ÝL
!‰6ÑG£Gž��4§�X,X��Bü��	¡�hEó)[
`	¡�h���z,X

�{�
,��LÔ?U5×<%'—�m,X�Ú�7�â#Ë	Ü�Ã2f�z,X�û�ã
`�6(Š�Ã2f�z4{G!1��´2ô,X5ú	Ü	G!,���!6Ñ�r)„

'Ú&Œ6ÑG£,X	Ã�{�Ã�Ý��Gž��.

#ý	_&Œ9C�ü�šKÁ0NKÈ�YF¼'ÚED	â,���"EQ9K�š�z,X'—�m�â0N!è#Ë	Ü	â,��!û�ê����(	G0N!è��,X!û)

����C‡,X,��'Ú&Œ	â,X#ý�zEî��� ü 2500���a��4000��K 8×�È,��6Ñ4È�ÕEWKS,XP¬#ý�ÊKÈ,���S'Ú&Œ�{(=�Ã'—�m


`0N!è�6�ä	Ã�Õ4Á	¡�h,XP¬#ý)ƒ�W.��	ÿJ±&Œ9C,X'Ú&Á�â���"�b)ÚAŽNX����,��AÈ�â'—�m2f�$�J�þ�`

�<'—&».��Trzcinski��
`��Cudzilo��(2008) �rP`	¥) „ 200��g��RDX Î	ÿJ±&Œ9C� ü 0.15��m3 'Ú&Œ5$�YF¼'Ú&Œ

�{*ó,X�šM-�Õ	_�oE°E°�"�b)ÚAŽAu1k��,�����?��0N!è�Ê'Ú&Œ5$�Y,X�šM-�Õ	_�o	HP¬�b�?��"�!è


`!ý!è,X�šM-�Õ	_�o,��A•�â�Z'Ú&Œ5$�Y0N!è��,X!û� â RDX ,X�Ú?·�{(=
`J±2f�$	¥*ó�Z!û�ê	¡

�h,��'ÚED�{(=�Ú�d�k��,��0N!è)ƒ�W��'Ú&Œ�{(=�<F¼� � Al2O3,��AÈ�â'ÚED�{(=�ü7|6”
`	â'—&»	¡�h��

�`�<!û�ê.��5à�Ô��0NKÈ��,��'ÚED�{(=,X�¿Eó7|6”�Ð7È�J�¿Eó�‹	H,��'ÚED�{(=�â0N!è#Ë	Ü	â,��!è�'#ý

�zE™Eó�ßL!�Ð7ÈJ±2]1�'—�m�á�`�<'—&».���õ�³Au1k
`'Ú&Œ�(�rP`><�â,���ÝL$0NKÈ�YF¼,X	â'—&»	¡

�h�™+�0N!è�Ã'—�m
`�þ!û�ê�`�<'ÚED�{(=,X#Ë	Ü/ß�z�‡�n,���J�á��+�Nk2f,X'—&»�{�
��(Arnold��&

Rottenkolber��2008)��.���Í�b	��Ô��0NKÈ,��	Ã�¹Ax��'—�m2f�$�â0N!è�Ã!û�ê��#Ë	Ü���!�m�•�Æ.��Ô,

'Ú&Œ	¡�h��)[	ª�‡�b0N!è��!û,X�ý*ü/ß�z.���´��,��4§�X�Y#ý�z
`	_�oEW�êF¼P¬,���êF¼0N!è>•	K�9

>ž��4���������®Á&î9¥^8 +g0°"J�c
Â�üL#0°L*�»(<&î�7�Ñ

&Œ9C
7¾+�� ��(TNT �'G£ ) �šM-�Õ	_�o ��(Tritonal ���'G£ )

�G�	_�o �G��†G£ 2.0��kg 3.0��kg 3.5��kg

TNT 1 1

Tritonal 1 1 1

DXD-09 1.05 1.69 1.04 1.05

DXD-10 1.27 1.68 0.84 1.02

DXD-18 0.93 1.36 1.07 1.16 1.11

1� ��1���ó 6µ�c�ó ����_#: ���Fg�Ñ�� ���6j�± ������#ý	_&Œ9C,X(M�û	ž	¥�))„(Š 61



,X	Ã6Ñ�ûEW�ã,��	à�Ê'—�m�Ã0N!è,X	¡�h���z�ü!¿/¦��/¦G£4{,���êF¼0N!èE¯�94§�X�YF¼LÔ?UEWKS�Ê

KÈ��("˜	_�`!©)��,���þ	¡�h�`�<'—�m	Ã6Ñ�Æ4£�‹	H,��E’�á��&•&?#ý�z.

G£�ê	` !û
` �Ý!ûL
!‰J±2],X	¡ �h�� )[ 
` 	¡ �h�� �z ��#ý	_&Œ9C	¡ �h�{ �
 ,XÎ .� .��Peuker��1�

(2013)��	¥)„J±,X�½�ó	¡�h> ���r���Z�ñ�Ÿ'Ú&Œ"¶,��	¡�hE›/ß���Ý!û	¡�h
`	`!û	¡�h4z	Ø	4�`�Ú

���Ô,���Í� b 3���a��40����m ,XJ±2f�$,��2f�$���Ì,X�E
¡��	Ã�¹�Ñ+9,X.���rP`�k��,X�šM-�Õ	_�o�D�B><�â

20%��O2 )ƒ�W��,��J±2]�<F¼!û�ê,��N2 )ƒ�W��,��J±,X!û�êG£�™��)ÚAŽ��,X�Ô	�,��><�â	`!û)ƒ�W��J±�â

"�!è	à��	Ã�¹	¡�hGž6Ñ.��Nicolich��1���(2012)��'ÚED�{(=7|6”� � 2 �á�'/Ã�ÊJ±2]�ûG£,X	–�t	¡�h,��'Ú

ED�{(=7|6”� � 7 �á�'/Ã�ÊJ±2]�`�<	¡�h.���Í�Õ1���(2012,��2014)��EîE›�ü	 ��A©P`>™5B���?�á	à	_�o

,X0N!è�ê!û!è�Ú�d�Z	â'—&»	¡�h,X6ÑG£Eg�Î,��TNT &Œ9C,X	â'—&»	¡�h6ÑG£Lc-�!û	ÿG£,X�r�t5à

�r�û,���ü�rP`-è0J8×�È�Y	â'—&»	¡�h6ÑG£�Ô�û��� � 4.90��kJ/g.

'—�m2f�$2f�z,X�û�ã�Ã�6(Š
`�Ú�×	â'—&»	¡�hP¬��Gž6Ñ,X�GK�.��Lin��1���(2010)���rP`�k�Î,��2f

�$��� Ì 35��nm,��75��nm 
 ` 100��nm ,XJ±2],���Ô�û'Ú&Œ	_�o
`	_�o�Þ	�Eó)[��?U�qM42]�ì#'�z,��2]�ì

#' �z �ã� b 1000��g/m3,��Lc-�2] �ì#' �z ,X�r �û,���Ô�û 'Ú&Œ	_�oEä#ä�r �û,��'
5à,���'2] �ì#' �z �r �û ��

1250��g/m3,���Ô�û'Ú&Œ	_�o�Ô�Ÿ�ßL!,���Ô�û'Ú&Œ	_�o,X�Þ	�Eó�zLc2]�ì#'�z�r�û,XC_�“�Ô7È.���k��

��?U4§AŽ�V�ß:��(1)��2]�ì#'�z,Ì	à�Ê,��4‡2GJ±2],X�Ô�û'Ú&Œ	_�o!¨�BEîJ±2]P¬4 z 0.2��MPa,��4‡2GJ±

2],X�Ô�û	_�o�Þ	�Eó)[!¨�BEîJ±2]P ¬ 2.0���a��6.5 �á;��(2)��2f�$��� Ì 35��nm,��75��nm 
 ` 100��nm ,X4‡2G

J±2],X'Ú&Œ#'�z�ß4“�Ú�ÿ� � 5,��10 
 ` 10��g/m3,��E°�"�b�BEîJ±2],X'Ú&Œ#'�z�ß4“��(50��g/m3)��.��F¥�ñ!å

1 � (2014) A©P`	¥)„#ý	_&Œ9C,X�ù�7#'�z� ü 0.84��g/L �Ê'Ú&Œ5ë!ûG£�Ô�û,��6ÑG£Gž��)[�ÔP¬.��

4.4��������$_	Á&î9¥�?L†0°L*�»G�,º(<&î�~�Ê�Ô�p�p*<

,Ì�Í!¨�Ô��0NKÈ,��#ý	_&Œ9C�ÝL$0NKÈ�YF¼'Ú&Œ�Ê,��4§�X,X4z�3�0*ü�Ð7È'Ú&Œ���h��:+�r��,

��?U><)„��:

(1)��'ÚED�{(=	«��
<�È�•M6,X�e�
�6�ä�šM-�Õ	_�o,���J�±�ÕEWKS�ÊKÈ,XP¬#ý)ƒ�W,����X�Z'—

�m2f�$,X&•&?
`'—&»�û6Ñ,��6Ñ�ó4ý-Á�W�À,X&•&?�ÊE³�ÊKÈ�Ã�¤P¬'—&»��)[;

(2)���•M6	¡�Ø�†�Ï"¶���—�S2f�$'—�m�Ã'ÚED�{(=
`0N!è#Ë	Ü,X��� ´ (� Ò 7),��5à'—�m2f�$�Ã'Ú

ED�{(=
`0N!è,X#Ë	Ü/ß�z��	â'—&»	¡�h,X�{�
�5�Ê;

(3)���•M6	¡�Ø�†�Ï"¶�S�þ	¡�h,XJ±2]1�'—�m2f�$	¬�6�ê.�.b,��.�#Nk2f><M6,X!û�ê���ê.�.b

�ä�È�ã,XNk2f;

(4)��'—�m�Ã'ÚED�{(=�â	_4ý0N!è��,X!û	¡�h,���û,X�š�z�ƒ�z�r�t� Z R-T��(*2�ý-"Ä�¦)���á0��n

$!#�,���r���Z#Ë	Ü
`'—& » (David��et��al.��2017);

(5)��0N!è���†�Ï"¶�âP¬Eó&?)×,X�x�f�0*ü,��$!#�	�P¬�Z&?)×,XE•+ #ý�z,���J�SG¥�2
`'ÚED�{

(=#Ë	Ü(=G¡�„&•& ? (Wolan�•ski��et��al.��2000,��Hilbert��et��al.��2004);

(6)��'—&»&?)×P¬Eó�r�ÏLp.a(=
`�m�•,��'ÚED�{(=,X�|6ÑE@�6���“6Ñ,��!_+-,XG¥�22]>•&•&?�Ô

�Ÿ�6�ä�„,X'—&»	� ³ (Gogulya��et��al.��2010).

+��¹�Þ�Ú�d	Ã-¹,���Y'Ú&Œ�Æ�á��L$�b&Œ9CG!�•�YF¼�Ú�$KÈ,X	¡�h&Á�o�:,X8×+H,���È�î,X���¢

�|�o�:,X?¦�z,��EîE›&Œ9CBÿ!û�ê�ê)ƒ�W4z�3�0*ü,�����Ú�ý*ü
<�È0N!è�ŸBü��,X!û	–�â'Ú&Œ	¡�h,
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�S	)�!BüG£&Œ9CEQ9K,X6ÑG£�¤P¬,���JEîE›�{�
	¡�hEó)[A×8V6ÑG£Gž��,X�ÊKÈ/0NKÈ�Ú�×,���r��&Œ

9C,X!•�ø��6 Ñ (6µ�c�ó
`�_# : 2013,��6µ�c�ó
`6j� ± 2013).

	Ã?•,��#ý	_&Œ9C�����¹�K�Ý'Ú&Œ�r�����h,��0NKÈ4z�3�0*üM2��G¡?U:���Ô��4z�34§�X�â'Ú&Œ��

�h,X5ú	Ü�0*ü�¤P¬�Z'—�m��(Al�ÃMg�ÃB 1�)��,X	¡�h�`�<�û,��6ÑG£Gž����)[�ÈP¬;���`��0N!è��,X!û

(&Œ9C�'2Ï�ê,X6ÑG£)���0��!û�ê���r���Z'Ú&Œ��6ÑG£.��

4.5��������$_	Á(<&î,º�v�Z�p�l

#ý	_&Œ9C6ÑG£Gž��E›/ß�Ã6ÑG£�X�ä
`�S*ü)ƒ�W�Ð7È�J���ø���
�â�ô4³�9C�Â�Ö��:+.���ô4³

�9C�ü�Ô��0NKÈ'Ú&Œ�Ê,���Ý�0*üC±/•+�E¥��E°,��!•�ø��2ô�q õ��'ÚED�{(=/&Á���h�Ã�†�Ï"¶�Ã.�

(���(?•� * 8)��,����?U!•�ø��2ô���†�Ï"¶
`.�(�,����'ÚED�{(=�Ã��E¥�,X���†�Ï"¶
`.�(�FÑ�´"©�ÍLd

;��ü�á���F'�Ã"ò0H�Ã.�Î�Î1%(=��,Â�ÛEô�ä7È
Q,X���ø.

#ý	_��ü�ÕKÁ0NKÈ�Y�S*ü�Ê�í�K�Ý(À(M,X���ø���
,��'ÚED�í'Ú'—�í'—&»�ÝL
!‰,X6ÑG£Gž��4§

�X.B�n�Z#ý	_&Œ9C,X���ø�û6Ñ,���Ô�ñ,X�´!û'Ú&Œ	¡�h.B�n�Z�JP¬	_�û6Ñ�¹	ž�Í>™+�,X�‰�O6Ñ�o,

	`!û'—&»	¡�h.B�n�Z�J��	_�û6Ñ�¹	ž�Í�m�•/�¹�_,X.�#6Ñ�o,���Ý!û'—&»	¡�h.B�n�Z�šM-�Õ	_�o�Ã

Bó	_���h�¹	ž�Í�Ž
,
`>™�Û,X�3�ø6Ñ�o.��EîE›A×�H�ÞEÄ�Ý�þ	¡�hL
!‰,��	Ã�S#ý	_�J\�Í�á	à,X,Â

�Û$µC‡(M�n,X�û6Ñ?U"�.

�šKÁ/	��šKÁ4§�X�Y,��#ý	_&Œ9C,X'Ú&Œ���h�â4§�X,X5ú	Ü���h��:+,���Ð7È!•�ø��)ÚE°!¨�Ô��

0NKÈ�á��,���Ô8�Ax��#ý	_'Ú&Œ,X!•�ø��2ô��?U��'Ú&Œ"¶
`P¬���z&Á,�� õ4{!•�ø��2ô��P¬Eó.�(�
`

�Ý!¦!è�'.���'&Œ9C�ü�šKÁ0NKÈ���S*ü�Ê,���m�Ã"m�Ù
`�þ�ŽL��xFÑ	Ã�¹L��õ.�(�
`���†�Ï"¶,����&?

)×�ü'Ú&Œ"¶�|�|�ß6Ñ�ó"“-��žF'1�(ÁKS4z�3)ƒ�WE•'—&»E•�ô�•��(,Ì�'�b6ÑG£E¤�|EîF')��,��4©E›?¦

:�E¯�9.�(��á6ÑE’��,X	�³,��'Ú&Œ"¶>•�m�•
`	º�Ô�o><M6	¡�Ø	âE¬�î>•�t��,���šKÁ0NKÈ�YF¼�Ž
,

�Ú�S	«	_�o
`�†G£?UP¬�b7¾+�0NKÈ'Ú&Œ,X	_�o
`�†G£.��%F'�Y,X���ø���
�V� * 9 ��/�.

#ý	_'Ú&Œ,X	_�o!•�ø���h�')„�ü:��(1)���î�Ä�†�Ï"¶!•�ø,���9C4§�X�YF¼'Ú&Œ�Ê,���†�Ï"¶F����•

��

��

�*����

�5K|/¦K �±�ù�0�Þ�'"��%Fý�Š1¾�|	¸##	4+°�•	 ù (Michael��et��al.��2005)

1� ��1���ó 6µ�c�ó ����_#: ���Fg�Ñ�� ���6j�± ������#ý	_&Œ9C,X(M�û	ž	¥�))„(Š 63



M6�Ã�M6�{*ó�î õ	¡�Ø�†�Ï"¶,���{*ó�Ô�þ�K�Ý�â��	_�o�Þ	��Ã�ÊKÈ
<�óEWKS,X	_�o"¶,��6Ñ�ó�â��

��r�t�†�Ï"¶�†G£,���ÊKÈG£4{�Þ�Î1%(=�Y��(�´�þ!¿/¦)��
`%F'��(�yE ¥ 1 /¦)��,���Í,Â�Û�6�ä�î õ	#	à

�ê3�/Ã!•�ø;��(2)���šM-�Õ	_�o!•�ø,���šM-�Õ	_�o,X�0*ü�ÊKÈ�\KS�Ã�†G£�û,����0NKÈEW�ã,X	)�x�šKÁ

4§�X�H�'.�#,X��?U!•�ø��2ô���Ô,��"˜	_	â�0*ü����.���Ô��0NKÈ
`4z�30NKÈ�YF¼'Ú&Œ,X�†�Ï"¶�=

�)E›/ß
`"¶�6��(�D��Au1k)���V� * 10 
`� * 11 ��/�;��(3)��Bó	_�3�ø,��	â'—&»E›/ß��'—�m
`0N!è��,X!û

	¥*ó	¡�h,��	Ã�¹Eô�ä��F¼5�!û�ê,ó0N(Š�Õ,���J�ÚL�E¥4§�X��,X0N!è
�L�E›�9,���â�þ	¡�h'—�m�ÃCO

1�4»4Á	¡�h,���ü�È�î0NKÈ�6�äBó	_
`0f�C,�����á���î�x4§�X,X��?U!•�ø�õ�ã.�����W,X7È!O���h�á

��1T	),X�&4§��5�!û,��5à���´��2ûLc�ü'Ú&Œ!7	_	â,XBó	_�Ð7È,X6ŽF¼,X!è	_�ï�ø,��E/¡Bó	_���h

�Í�Ž
,,Â�Û,X!•�ø���á	Ã�Ñ?š,X.

�G�b&Á!•�ø,X�0*ü�JM2	��Ú�â.B,���´�� 'Ú&Œ"¶
`G¥�2.�(�,X!•�ø	��X?U�û�b&?'�,X'—&»	�

�X.��5b�o�Í#ý	_�&Á���h,X�£EÄ��:���'�Ï*ü�9-è0J*ó�ê!:�<,X��ßA’�‘,���ü�JGž����)ƒ�W�����!,

��

��

�*����

�,�j/¦K +°�l�P�f�b��(Wildegger-Gaissmaier��2003)

��

��

�*����

�}E•�±'2%ä+°�l�P�f)2.f�;�*��(Wildegger-Gaissmaier��2003)

64 �o�Â�Â�Â�:�Â�Â�ÂE¯�Â�Â�Â�) ������� ��H������1� ��������	K



�ý*ü&Á���h.�#*ó�ê9C����(Jane�¶s��Air-Launched��Weapons��29-Apr-2015.)��.��G¥�22f�$'—�mKS�ÊKÈ,X

'—&»,���3�î�Í�Ž
,Eô�ä�ùG¡&»�ø.��&Á���h,X	º�Ô�þ�0*ü�����á	àL
!‰6ÑG£Gž���¤�o�³&Á$d�´,��4È�Õ

&?)×E¤�|E›/ß��G¥�2'—�m�Ã0N!è,X'—&»7¾�Õ	¡�h,���V#†�Î�Õ#ý	_&Œ9C,���ñ�ó,X&?'��Ú.1GL�Ö�íGC

!è�ê�J
`G¥�22]&•&?'—&»,��'—&»Gž��,X&ÁG£4È�Õ�þ	¡�h,X.1GL�Ö�íGC
`G¥�22]4»4Á!è�ê
`'—&»,

�á�•Gž��6ÑG£.
��

5��������$_	Á&î9¥,º(<&î�7�ÑAú�-�ï#�

�ÝL$0NKÈ�YF¼,X�†�Ï"¶	¡�Ø�¹	ž4§�X�Í'ÚED�{(=,X�e�
�0*ü�S�J�â7¾+��'Ú&Œ�K�Ý�á	à,X

6ÑG£4˜�ä4§�X,��7¾+�0N!è��'Ú&Œ�Õ�oP¬,X&Œ9C�ü�šKÁ4§�X��,X'Ú&Œ�Õ�o�á�Ô�n�Q,��G›*ü�ô4³,X0N

��

��

�*������

)/�·=ñ8›�,�j/¦K '2%ä+°�Þ�'"��•�•Dó/7	¸�·�Ç�í�"K "��Ž.��(a)���Þ�'"��•�•Dó/7,��(b)���Þ�'"��·
�Ç-�"K ��3ë��(Wildegger-Gaissmaier��2003)

��

��

�*������

)/ �·=ñ8›�òK�/¦K +°�Þ�'"� �• �•Dó/7	¸"� �Ž.��(a)���Þ�'"� �• �•Dó/7,��(b)���Þ�'"� �· �Ç�í�"K ��3ë
(Wildegger-Gaissmaier��2003)

1� ��1���ó 6µ�c�ó ����_#: ���Fg�Ñ�� ���6j�± ������#ý	_&Œ9C,X(M�û	ž	¥�))„(Š 65



��'Ú&Œ	–�D�9A˜��&Œ9C,X�Y'Ú&Œ�Õ�o�J�á�<M6,���´!8LÔ?UJ\�Í#ý	_&Œ9C,X'Ú&Œ6ÑG£�X�ä
`�S*ü

)ƒ�W�Î0Ÿ�Ý���Ã/¥�:,XA˜�Ë�•"©,�����Õ#ý	_&Œ9CA’Au�â-è	¥.

,Â�!,���Ñ�Y�ê�G�b#ý	_&Œ9C�ÝL$0NKÈ�YF¼'Ú&Œ,X�Õ�oA˜���•"©��?U+��†�Ï"¶	_�o�í�†G£"©�Ã

��NJ��CK�rP`"©�Ã�†G£�í�šM-�Õ	_�o"©1���(6µ�c�ó
`6j� ± 2013)��.��

5.1���������è�1#�	Á�Ñ�í�èH��ü�O

�� �Z A˜ � � M72��LAW 6} �Ø !: �< ,X �í EÝ #ý 	_ &Œ 9C ,��5b �Ñ #K �o "� M6 !: �< �� �— 	D 1� �] 4‡ �Ú F¼

(NSWC��IHD)��
 ` Talley L��u2Ï4³�@	Ì��(TDS)���¤�Î�†�Ï"¶	_�o�í�†G£�š� í (Johnson��et��al.��2004),���q

�B�ñ�Ÿ�†�Ï"¶
 ` 2�Ã3  õ	¡�Ø"¶�¹	 ž 0���a��50��ms �ÊKÈ�Y,X�†G£�Í�íEÝ&Œ9CE¯> �f�c
`1/EÝ.��A©P`>™

5B� � 3.66��m���î��4.57��m���î��2.13��m ,XJv1�#Ë�±�ó	 �x�Î1%,���rP`>™5B
`�×���V� * 12 ��/�.

�EE¯> �Z�ÝEB,X1/EÝA©P`,��1��Ô�Ã�`EBA©P`�
�n�Z�á	à,X1/EÝ�Û�š��(�Ù	ÿ	_�o
`�†G£�ø�þ�´

2ô)��.���ü2Ï�ëA©P`��,��PBXIH-135 ��	–!¨�Û�š,���Í!¨4§�p	¥) „ PBXIH-18 
 ` PBXIH-135EB FÑ�K�Ý

EWP¬,X'Ú&Œ�Õ�o.��	º�ê,��E¬5×<%�Z�ä���Ã�Ý���û�Ã�ó�z�Ã	Ã�
Eô�û�Ã�|�,�û
`�o�:�û6Ñ1��´2ô,

PBXIH-135EB &Œ9C�� 	ÿ �Ý0� �n �� ,��PBXIH-18 �í "u �Ý ,�� 	à � Ê PBXIH-18 ,X �o �: �û6Ñ ! ¨ PBXIH-

135EB �È�yE¥�b,Â� ! LAW 2Ï4³,X>™�?(=��(J±� ê A3 &Œ9C)��,���Ô4œEÝ	ª� Z PBXIH-18 &Œ9C.

Chabin��1���(2009) G›*ü�†�Ï"¶CY	_�í�†G£,X�•"©-è0J�Z�á	à/¡2O>™9C�ü�šKÁ0NKÈ�Y,X'Ú&Œ6Ñ

G£Eg�Î(M�û,��*ü�b1/EÝ���Ã�ã	·�X!:�<*ü&Œ9C.��A©P`4§�p><�â,��B2258 
 ` ORA86B/C2 FÑ�K�ÝEWP¬

,X�†�Ï"¶CY	_
`�†G£,��B2258 &Œ9C,X�†�Ï"¶CY	_�ÔP¬,��ORA86B/C2 >™9C,X�†G£�ÔP¬,��E�ø/¡&Œ9C

>™9C�E’���Z�ì�kF¼,XLÔ"�.

�†�Ï"¶CY	_
`�†G£��?U><�U�Z&Œ9C'ÚEDGž��,X�†�Ï"¶�|6Ñ	ž�J�â4§�X,X5ú	Ü�0*ü��(	¡�Ø"�

Lš)��,��"u�Ý	¡�ô#Ë	Ü�Ã'—&»	¡�hGž��,X6ÑG£,���á6Ñ�<M6A˜��#ý	_&Œ9C�ü�ÝL$0NKÈ,X'Ú&Œ�Õ�o.���Í�b

EW�á��4§�X,���†�Ï"¶�ü�{�•�Ã�M6
`NJF¼FÑ	¥*ó�î õ	¡�Ø
`"�Lš,���a�t�Þ&Á���h,X�E
¡,��	_�o�í�Ê

��

��

�*������

A�O¸=ñ4š	¸A�O¸�/�l.f�;�*.��(a)���L�K�”	¸=ñ8›�/�l.f�;�*,��(b)��A�O¸=ñ4š
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KÈ�Æ4“"¶�6M2�����E,���\L’2’.B.B�n�J�Ý õ�Ä���¹	â,X	_�o,��*ü	_�o�ô�ó�<�D�BAu1k�k��,X�†G£

��	ÃM4�û�3�áP¬.��

5.2���������üM•�7	Á�Ñ

P¬6Ñ&Œ9C�ü4§�X�YF¼'Ú&Œ�Ê,��'ÚED�{(=!è�'�î�ü�šKÁ0NKÈ�Y�Ú�×��Ô,���{*ó�Ô�þ	_�o����!¨

�†�Ï"¶EQ9K�Ä���ã�k�î���0*ü�ÊKÈ�\KS,X	_�o,��	G�šM-�Õ	_�o.��+��b��6ÑG£��(	G'ÚED6ÑG£�t	â'—

&»6ÑG£)����4œ�Õ�šM-�Õ	_�o,X�Ñ� D (Richard��et��al.��2006),���šM-�Õ	_�o><�U�Z��6ÑG£,XLš6..���šM-

�Õ	_�o�0*ü�ÊKÈ�\KS,���{*ó,X�†G£�\�û,����.�#�YF¼,Â�Û,X�Ô�þG¡?U!•�ø��2ô,���´!8,���šM-�Õ	_�o

A˜��&Œ9C,X�Y'Ú�û6Ñ�k���ZG¡?š
`	¥�).

���ZA˜�Ë�šKÁ7(�'�Y,X'Ú&Œ�Õ�o,��5b�Ñ#K�o�ü,Q 5�åA©P`Î�� Í 9 /¡�ÛEÝ&Œ9CE¯> �Z�Y'Ú

&ŒA©P`,��#�G£�Z!£�Ô/¡&Œ9C,X�šM-�Õ	_�o�¹.B�n�Õ�o,���rP`A•�â,��PBXN-109 
 ` Tritonal ,X�Y'Ú�Õ

�o�Ô� Q (David��Tassia��1996).

-è0J	¥)„,���Ô�û�šM-�Õ	_�o��>™9CG£�â�•�<�•/Ã��!¨��(�M/�6)��,X�Ñ�D,���J�³	Ü�Z�šM-�Õ	_�o4£

P`Au1k�@�ã,���K�Ý�·><�û,XAu1k�@�ã� � (Carlson��1945,��Moir��1979)

�ã��:�� ���šM-�Õ	_�o,��MPa;�� ��&Œ9C,XBüG£��(TNT �'G£)��,��kg;�����šKÁ0NKÈ,X�'/Ã,��m3.

	º�ê,���ü�Y'Ú&Œ�5�Ê�ß,��'Ú&Œ��6ÑG£
`��'—&»&Á�ê	à�Ê7¾!û�ê'—&»&Á�K�Ý4“�û�G2Ï

�ã��,�� ��&Œ9C,X��'—&»&Á,��kJ.

�á	à�û�ã�Ã�6(Š�Ã���z,X�šKÁ4§�X	ž�J�YF¼,Â�Û,��LÔ?U�á	à,X!•�ø6ÑG£,��	¾5×<%�šM-�Õ	_�o

(�ê��6ÑG£)��	œ�Ñ?š�Z�9C,X�h*üKÂNl,���_�V�†�Ï"¶��?U�Í�ã_�šKÁ4§�X�{*ó�H�'.�#�J!•�ø�J

�YF¼,Â�Û,���Í�b�î�x4§�X,���'�†�Ï"¶,X4©�Ø�0*ü�ÝL$�Ê,���šM-�Õ	_�o	Ã�¹CK���È�Q,X�0*ü;���Í�b�Y

F¼0NKÈEW�û,X,Â�Û,��+��b0NKÈ�Ú�×�0*ü��(	¬�ã)��,���šM-�Õ	_�o�0*ü�£��,���†�Ï"¶�î õ	¡�Ø"�Lš

,X�0*ü�t��.���´!8,��#ý	_&Œ9C�¶?U�±�Õ,Ì�ÍEWP¬,X�šM-�Õ	_�o,��E¬�h�K�ÝEÖ�',X�†�Ï"¶�†G£,���J��

>5�ÚG!�ø�þ(M�U	–G£��KÈ�ÚG!!¨�_,�����£"��ß&Œ9C,X�†�Ï"¶6Ñ
`!è"µ6Ñ�Ô��.��

5.3���������èH��í�üM•�7	Á�Ñ#�

5b�Ñ#K�o"�M6!:�<���—�¤�Î�Z�Ô/¡�ý*ü	_�o�í�ÊKÈ	Z/ß�9A˜��'ÚED
`	â'—&»6ÑG£Gž��,X�•

" © (Richard��et��al.��2006),��A¹�•"©��A’	¡�h�ÊKÈ>•�Ú���øF¼�Ú,���ÔF¼�Ú	¥*ó�ü�‚/¦�ÊKÈ���z,���ÔF¼�Ú

	¥*ó�ü!¿/¦�ÊKÈ���z,��Î�b	_�o	G	Ã�nG£#�G£�ñ�ó	¡�h
`	â'—&»	¡�h,X,Ì�Í�DG£.

��A’�Ô4È)×�Í/Ä0NK È � R �Ÿ�b&Œ9C���—,��&Œ9C6ÑG£Oj��EîE›'ÚED/'Ú'—E›/ßGž��,��'
 	âEîE›	â

'—&»E›/ßGž��,��'Ú&Œ��6ÑG£,XGž��Eó)[��

E¯�Ô!9��A’�šKÁ0NKÈ�YF¼,X	_�o#�G£�Ú��P¬Ne�Ã�qC*�b0NKÈ,X�†�Ï"¶F¼�Ú 
`�"Ne�Ã

1� ��1���ó 6µ�c�ó ����_#: ���Fg�Ñ�� ���6j�± ������#ý	_&Œ9C,X(M�û	ž	¥�))„(Š 67



0NKÈ�´	¬�ê,X�šM-� Õ �0qs��(�T,���%tot)��,���_�V�Í�b�Ï�)�ÊKÈ

�V�p6Ñ�\�¿#�G£��'ÚED	â,X�†�Ï"¶	_�o,���í

	G�ñ�ó,X�†�Ï"¶	_�o�™��'ÚEDGž��6ÑG£,X�Ñ�D,���_�r�Þ+��b	â'—&»6ÑG£Gž���ÊKÈ���z!¨'ÚED6Ñ

G£Gž���ÊKÈKS�´�þ�DG£4{,���Í�ñ�ó,X�†�Ï"¶	_�o�J"u�ÝBõ)�,���šKÁ0NKÈ�Y'Ú&Œ,X�™�‰	Ã><EÄ��

�ã��,�� ���ÊKÈ,��s;�� ��'Ú&ŒGž��,X��6ÑG£,��kJ;�� 'ÚEDGž��,X6ÑG£,��kJ;��	â'—&»Gž��,X6ÑG£,��kJ;

����M-�Õ	_�o,��MPa;�� ���šKÁ0NKÈ,X�'/Ã,��m3;��� � ��!è�',X!¨&Á)[,��J/(kg���ƒC).

���Z�ì�ê�ñ�Ÿ0N'Ú�û6Ñ
`�Y'Ú&Œ�û6Ñ,X��G¡�ÚG!,��Richard 1���(2010)���ü'Ú&Œ�x���ý*ü�ñ�Ÿ0N

���†�Ï"¶��(�½�ó	¡�h)��
`�šM-�ÕCY	_��(	â�ó,X6ÑG£Gž��)��A˜��� Z 6 /¡	_>™	ÿJ±&Œ9C,X'Ú&Œ�û6Ñ.��

5.4���������•N¬�tC�ÔPÂ

�ü�ÞEÄA˜���•"©,XÎ.��Þ,��Talley L��u2Ï4³�@	 Ì (Scott��et��al.��2005,��Andrew��et��al.��2008)��(TDS)

�Î0Ÿ�Z�Ô/¡�„_�rP`A’�‘ �í��NJ��CK>™5B��(��� Ì 3.7��m�î3.0��m�î2.4��m,��&Œ9CA’AuBüG £ 500���a��800��g)��,

EîE›�ü�šKÁ4§�X�ÞF¼�t,ª�Ô�nBüG£,XJv�
NJ,ª��(4989.52��kg)��,��#�G£&Œ9C'Ú&Œ	â��NJ,X�Þ	�P¬�z�9

Au1k!¨�†G£,��*ü�bA˜��#ý	_&Œ9C,X�û6Ñ.

A¹�•"©�S*ü��NJ��CKP¬�z�9Au1k#ý	_&Œ9C'Ú&Œ�{*ó,X!¨�†G£,����A’!£ õA©P`�Ê��NJ,XBüG£

���&�n,X,����NJ�tEó���Ô�ûEó�z,X�ÊKÈ	Ã�Ñ+9.���ý*ü��NJ��CKP¬�zAu1k�ÕKÁ0NKÈ�G��†G£,X�@

�ã��

+� ,���k ,���í

�J��,�� ��	_��,��MPa;�� ��	_�o,��N;�� ��M6/Ã,��m2;�� ��BüG£,��kg;�����tEó�z��(�A��=���G)��,��m/s2;�����ÊKÈ,

ms;�� ����NJ��CK�!/Ï,��m;�� ����NJ��CK,X�G��†G£,��Pa��s.

�´/¡&Œ9C,X�Y'Ú&ŒA©P`4§�p?•= ” 5.

+�= ” 5 	Ã-¹,����NJ��CK#�G£,X�†G£!¨	_�o�ô�ó�<#�G£,X�†G£P ¬ 27%���a��70%,���¢�0�s6Ñ�o,X4§

>ž��5����������0�&î9¥,º�»(<&îB�PÂ5	�Ò

&Œ9C 4˜�Ú �!/(g ��cm�í3) �ûpm/ MPa I/(Pa ��s) max/m EAEI /(Pa ��s)

IH-135 HMX/Al/R45 1.33 0.414 896.4 0.356 1��185.9

RAX-16 HMX/Al/GAP 1.62 0.276 868.8 0.312 1��110.1

PBX-109 RDX/Al/R45 1.64 0.331 724.0 0.383 1��227.3

YJ-15 proprietary 1.78 0.579 730.9 0.384 1��227.3
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�p�9,ß,���†�Ï"¶�Ä��	_�o
`�†G£�ã,X&Œ9C,���J�0�s6Ñ�o�á�Ô�n�ã,��E	Ã6Ñ���šM-	_�o,X�0*ü.

Lee 1���(2005)��-è0J	¥)„,��4z�30NKÈ�Y'Ú&Œ,X��CKP¬�z�â&Œ9CM2	à!97¾D•!û�ê,X'—&»&Á

(�â	â'—6Ñ�Ý�G)���K�Ý4“�û�G2Ï,���`5Ù,X�D�:�õ_�•/ß��

�ã �� :�� �� ,Ì �Í �b &Œ9C,X ��CKP¬�z ,��%;�� M2 	à !97¾D• !û �ê ,X '—&»&Á,

kJ/g.

6µ�c�ó1 � (2016) 1�G›*ü7¾�Î,XNJ,ª��CKA©P`>™5B�Í�¯/¡�L_,X&Œ9CE¯> �Z�Y'Ú&ŒA©P`.��CK

'Ú�!
`CK'Ú	â,XNJ,ª�!5B?•� * 13.

#�G£,X�¤&Œ9C,X�!/Ï�í�ÊKÈ�Æ4“?•� * 14.

�ý*üNJ,ª,X��CK�!/Ï
`�†G£A˜���Z�W�À,X�Õ�o,��A©P`4§�p><�â,���†�Ï"¶CY	_P¬,X&Œ9C,���Y'Ú

&Œ�û6Ñ�á�Ô�n�Q,��&Œ9C,X0N��'Ú&Œ�û6Ñ�â�Y'Ú&Œ�û6Ñ�K�ÝEW�û,X�Â�Ö.

NJ,ª��CK�!/Ï��(�ê�†G£)���â&Œ9C,XM2	à!97¾!û�ê'—&»&Á�ÝEW�Q,X4“�û�G2Ï,��� â Lee 1 � (2005)

��

��

�*������

�wM¢�jB£�ÊO¸=ñ4š.��(a)��B£'2�w�yM¢,��y4š,��(b)��B£'2	:M¢,��y4š.��(6�»�K0 u 2016)

��

��

�*������

�ü%ä8›+°M¢,��y/'�í�"K ��3ë��(6�»�K0 u 2016)
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,X-è0J4§AŽ�Ô7È.��NJ,ª��CK�!/Ï�âM2	à!9!û�ê	¡�h&Á�G2Ï�V�ß

��NJ��CK�!/ÏAu1k,X�†G£
`�0�s6Ñ�o���Ô/¡�õ2ž,X4Ð	ÜA˜���•"©,���¢	º�Ô�þ?¦�z4�Î�Z#ý

	_&Œ9C'Ú&Œ�{*ó,X�G��†G£��,���0�s6Ñ�o�')„�Z�ñ�Ÿ'ÚED6ÑG£�Ã'ÚED!è�'�â0N!è#Ë	Ü	¡�hGž��

,X6ÑG£�¹	ž�†�Ï"¶�â4§�X,X5ú	Ü�0*ü,�����´"©4�Î�ñ�Ÿ�†�Ï"¶�Ã'ÚED�{(=!è�'
`	¡�Ø"¶,X6ÑG£

�ÚG!!¨�_.

�†�Ï"¶
`�šM-�Õ	_�o�ø�þ><�U0N'Ú�û6Ñ
`�Y'Ú�û6Ñ,X(M�U	–G£��KÈ,X��>5��(�_�V�ñ�Ÿ�†�Ï

"¶�†G£
`�šM-�Õ	_�o	Ø	4�Ô	�)��,��	Ã�¹EW���`�H><�U&Œ9C,X�Y'Ú�û6Ñ.���´!8,���†G£�í�šM-�Õ	_�o��

>5,X�•"©A˜��#ý	_&Œ9C,X�Õ�o�û6Ñ�È�t	Ü)Ú.

(1)���†�Ï"¶CY	_�í�†G£"©EÖ*ü�bA˜���ã	·�X!:�<�üEW�û0NKÈ)ƒ�W,X'Ú&Œ,���´��E/¡�™�‰�ß�š

M-�Õ	_�oEW�ã,����?U�0*ü,X���†�Ï"¶.

(2)���ÝL$0NKÈ�Y'Ú&Œ,X6ÑG£+�'ÚED
`	â'—&»6ÑG£�øF¼�Ú4˜�ä,��'ÚED�t	â'—&»,X6ÑG£��(	G��6Ñ

G£)����4œ�Õ�šM-�Õ	_�o,X�Ñ�D,���´!8�šM-�Õ	_�oEÖ*ü�b>5G£&Œ9C,X��6ÑG£"��G.

(3)����NJ��CK�!/Ï��Au1k,X�†G£�¢	º�Ô�þ?¦�z4�Î�Z&Œ9C'Ú&Œ�{*ó,X�G��†G£��,��<Q'
�´"©

4�Î�ñ�Ÿ�†�Ï"¶�Ã'ÚED�{(=!è�'
`	¡�Ø"¶,X6ÑG£�ÚG!!¨�_,�����')„�Z�ñ�Ÿ'ÚED6ÑG£�Ã'ÚED!è�'

�â0N!è#Ë	Ü	¡�hGž��,X6ÑG£�¹	ž�†�Ï"¶�â4§�X,X5ú	Ü�0*ü.

(4)���¢#ý	_&Œ9C,X6ÑG£Gž��4§�X5×<%,��Î�b�†�Ï"¶
`�šM-�Õ	_�o�ø�þ(M�U	–G£,X4Ð	ÜA˜��#ý

	_&Œ9C,X�Õ�o�È��	Ü)Ú.��

6��������$_	Á&î9¥,º�6
��D.J�l

E¯� 9 21 �ê4~�¹�9,���ê+ 8×�È�Y,��#ý	_&Œ9C-è�
�¹�0	¥�)E™Eó,���è�¹�Î�Õ#ý	_&Œ9C����,��,Ì�G

-è0J��?ULš���ü�„_P¬6ÑG¥�2#Ï�t��,XA’Au	ž�h*ü�Ã#ý	_&Œ9C,XG!�•A’Au	ž�ì�ê1��•M6.��

6.1��������Q�73H��”$1�Ö�x,ºAôA×
��Ê+^

#ý	_&Œ9C��?UEîE›J±�ê	º�Ô�o#��ûG¥�22]�{*óL��t6ÑG£,���r�� 'Ú&Œ��� h (Vadhe��et��al.��2008,

Kim��et��al.��2008),���´!8,��P¬6ÑG£�š�z�ÃP¬'—&»&Á��,XG¥�2	«���Z�U�û,X�G"¼,��*ü�b�r��	â'—&»	¡�h

6ÑG£
`'—&»��)[,��E’��4È�ÕCY	_
`L��t&ÁG£,X,Â,X.

+��bJ±2]'—&»&ÁP¬�Ã4£#"
`�9$d�S"¯1�(M&•,��� ¢ 20 �ê4~�ñ�¹�9,���Ô,È���S*ü�Ô�S"¯�Ã�Ô�ä

's,XG¥�2'—�m#Ï�t �� ,��/¥-è�Ž
, �Í 	ÿJ±#ý	_&Œ9C,X�û6Ñ�Ô�)�Z�ûG£-è0 J (Muravyev��et��al.��2010,

Weiser��et��al.��2011,��Danica��et��al.��2018,��>È�â�@1 � 2013,��)_�â&¼1 � 2018,�����´�D1 � 2019).����J±,X%0�o

�J"u�ÝE’�����ó�ï,X���p,����?U	s�´��&•&?#ý�zEWP¬��(2200��K)��,��'—&»��)[EW�",���´!8,���Ž�À�Õ�ÒEî

E›�$�m�Ø)Ú��(4‡2G�ê�Ã���„#��ê�Ã><M6#��ê1�)���Ã�Ï�R�„�$�m��(B,��Al-Mg,��B-Mg,��Al-B 
 ` Ti-B 	Ü

G¥1�)��
`A’Au�„_G¥�24§�X��(�Ù?Z�Ã6Ê�žG¥�2�Ã1�(Š4§�X�ÃG¥�26.	Ü(=1�)���9���á�ÞEÄ5�&•.

�âJ±
`�J�ªG¥�2,Ì!¨,��.P�K�ÝEWP¬,XBüG£&Á��
`�'/Ã&Á��,���Ú�ÿ��J±, X 1.9 �á
 ` 1.66 �á,�����Æ

-¹6ÑG£�š�z�ÔP¬,X�$�m,���Ú.P#Ï�t��#ý	_&Œ9C���K�Ý�û���¤	��J'Ú&Œ�Õ�o,X%0�o.����P¬&•&?#ý�z


`#†�Õ!û�ê(=�ü.PNk2f><M6,XÚ/Ã��.P�h*ü�,�ü,X��?UKÂNl,��.P,X'—&»&?'�#ý�z� � 2067���,��"Œ
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&•� � 3865���,��Nk2f><M6,X.P'—&»,��Lc	âE@	¬� ä B2O3 ?Z,ª�ü><M6,��L�.a�Z'—�m
`!û�ê��,X#Ë	Ü,���Ð

7È'—&»��)[�".��,Ì�Í�9AÈ,��Mg �È�•�ç&•&?,��B 	Ã�¹�S* ü Mg 1�#��ûG¥�2�0���Ù?Z�$�mL!�"&•&?#ý

�z,���¤P¬'—&»��)[.��Mg ,X'—&»	Ã�¹�t&Á.P2f�$,���9:�� Z B ><M6,X!û�ê( = B2O3.��'Ú&Á��rP`><�â,

�Í� b HMX Î&Œ9C,��,Ì	àBüG£�Ú�D,X.P2]�·�ÓJ±2]	â,��'Ú&Á�Ý�Ô�n�¤P¬,����.P2]	ÿG£P¬� b 20% �Ê

'Ú&Á�Ô�Ÿ�ßL!��(Makhov��2004).��Schaefer��
`��Nicolich��(2005)��-è0J�Z	��šKÁ4§�X�YJÌ> ™ HMX Î	ÿ.P

&Œ9C,X'Ú&Œ�û6Ñ,��.P�Ó�·F¼�Ú, X Mg-Al 	ÜG¥	â,���†G£L!�"�Z�Ô	�,��	Ã6Ñ,X	s�´��.P,X&•&?�ÊE³�Ê

KÈEWKS,���ü&Œ9C�YF¼�{*ó�Z&Á/ÔGž�0*ü.���´!8,��L8M2�û��L!�"&•&?#ý�z,��	ú�í�á6Ñ�`�<	¥�ù.P,X%0�o.

	º �ê,��Ti,��Mg,��Al-Mg,��B-Mg,��Al-B 
 ` Ti-B 	ÜG¥1�FÑ�K�Û�0��#ý	_&Œ9C'—�m,X%0� o (Chan��&

Meyers��2005,���<�«�%1 � 2017.),��4‡2GJ±	Ã�r�tG¥�22],X#��û,��Ti-B 	ÜG¥6Ñ�ó�¤P¬&ÁG£Eg�Î,��Mg-Al

	ÜG¥	ÃL!�"&•&?#ý�z.��Lee 1���(2005)���Í	 ÿ B/Al #Ë	Ü(=,X&Œ9CG!�•��(45RDX/10Al/20B/25HTPB)

E¯> �Z 'Ú&Œ5$A©P`,��4§�p><�â	 ÿ B/Al #Ë	Ü(=,XG! �• ,X�šM-�Õ	_�o!¨ 	ÿJ±&Œ9CG!�• ��(45RDX/

38Al/17HTPB)���¤P¬� Z 30%.��Dreizin 1���(2005)��Î�b�n�•'—&»A©P`	¥) „ Al-Mg��(BüG£! ¨ 1�)1)��
 ` B-

Ti��(BüG£! ¨ 1�)3)���� �Ô�Q,X���„	ÜG¥,��Mg,��Zi,��Ni �ê6.	Ü(=��((M!óUm�Ã!ó 56Ê�ÃNC)���Ù? Z Al 	Ã�¹

L!�"&•&?#ý�z;��J±&Á��A©P`><�â,��Al/MoO3 ���Ô�Ý%0�o,X(=Bü,���W�Ý�ÔP¬,XBüG£&Á��,���Ô�",X#��ê

6Ñ
`&•&?#ý�z,���� �� ,��M6�� ,X�Ô�ûKÂNl��9‹�k)×_�ê2O)×_,X#��ûG¥�22],���¹ �¤P¬&Œ9C,X>™9C

�š�z.

EÝ�½�á	à,XG¥�2/M2G¥�22f�$,Ì�f�Ù?Z�6�ä&Á#��ê�á	ÜG¥�2�ê	ÜG¥	Ã�ì�ê��&Á	¡�h,���V	 4˜

�Ú�6�ä,X��/�Ç4§�X�ê6Ê�ž4§�X.����8ƒ	Ã�¹EÝ*üJ±�ÃK��Ã.P�Ã.��ÃJ¾
`.‡,���ê�Ç	Ã�¹��K!�ÃJÚ�Ã

.P�ÃJo�Ã.?.Î�Ã.&
`Jf1�.��Kellett 1���(2009)��-è0J�Z��/�Ç4§�X,X	 G¥�2�ê	Ü(=2f�$,����G¥�2� � Al,

B,��Si,��Hf��(J¾),��Mg �ê.‡,���ê�ÇG¥�2� � Ni,��B,��Ti,��.?.Î�Ã.&�êJf,��-è0J><� â Hf 
 ` Zr �K�Ý�\�Q,X'—&»

�û6Ñ,���Æ>•�h*ü�b#� �û .� (� ,����+	9K�ó�z ��(ESD)��EWP¬L$�
 �Z �W�À�ü	ÿ6Ñ�$�m�� ,X�h*ü.��Baker

(2010) A’Au�Z�Ô/¡J±�ÙK�4§�X,��'ÚED�Ê,��.1JÉ&Œ9CPE�|'—�m2f�$	å�ê�Ú�7��(�ê��,XJ±	n�z�hEÖ�'),

	G	`!û'—&»'Ú&Œ)ƒ�W��,��J±#\5ë!û,X�ê�:AuG£?U�å�b0N!è��	Ã�¹�ý*ü,X!û,��2f�$�Ô�º.�>–,�����—

,XK�	G	Ã'—&»�r�t�†G£.

E¥ �H �9 ,��	ÿ6Ñ4‡2G�$ �m,X �Ô	¥ 
` -è0J �k �� �ZC^ �9C^ �î ,X �G" ¼ (Dreizin��et��al.��2005,��van��der

Heijden��et��al.��2010,��Danica��et��al.��2018),��L8�Z	ÿ6Ñ4‡2G�$�m,X	Ü�ä,��	ÿ6 Ñ (4‡2G) �$�m,X�Ù?Z�3�éCK

�Z/¥�:�Š�À,X�HCw,��,Â,X���8C�$�m,X�û6Ñ�ê�r�t�„,X�s6Ñ,���_�V�r��'Ú&Œ"¶�Ã�"�†�Ï"¶�ó�z�Ã

KS�|�û
`)ƒ�W	Ÿ�Q_.��

6.2��������$_	Á&î9¥,ºGƒ�ïAôA×
��N	L

#ý	_&Œ9C,XA’Au�š�í��&Œ9CA’Au�Ž
,���G"¼,X���—KÂNl,���3��#ý	_!:�<	¥�ù�Ô�û��6Ñ,X�G

K�Î.�)ÚAŽ.

���Z�k���Ô�Ý��,X�r��'Ú&Œ&Œ9CG!�•��(RDX/Al/HTPB)��,��Gerber 1 � (2010) Au1k� Z RDX/Al/

HTPB �'2Ï&Œ9C,X'—&»&Á�Ã'Ú&Á
`	â'—&»&Á.���S*ü	â'—&»&Á�Ã'ÚED&Á
`'Ú&Á�0���Ý���´�$.B�n

�Ý%0�o,XG!�•,���ü'—&»5$��E¯> �Z2Ï�ëA©P`,���Ú�d�Z�Ä�û2l4§����(HTPB)��
`	ÿ6Ñ2l4§����(GAP)

�Í�†�Ï"¶	_�o
`'Ú&Œ#ý�z,X�E
¡,���J�Ú���ÝG!�•� â TNT,��PBXN-109 E¯> �Z�Í!¨.���ª�À�|9$G›*ü

1� ��1���ó 6µ�c�ó ����_#: ���Fg�Ñ�� ���6j�± ������#ý	_&Œ9C,X(M�û	ž	¥�))„(Š 71



�û� b 2 �è'Ú&Á�û� b 4��kJ/g �0��#ý	_&Œ9CA’Au�Û�š.��� * 15 � � RDX/Al/HT-

PB �'2Ï&Œ9C,X ,��� * 16 ���ìEÝ, X RDX/Al/HTPB �'2Ï&Œ9C4˜�Ú!¨�_8×�È.

5b�o�Ô	¥,X#ý	_&Œ9C,X�L_�·><� � PBXIH-135 
 ` PBXIH-18.���ø/¡&Œ9C��Ý5b�Ñ#K�o"�M6

!:�<���—	D1��]4‡�ÚF¼��(NSWC��IHD)��-è�
,��E�o&Œ9C	Ã�h*ü�ü�“���ã6}� / M72��LAW ,X�‰�O�ê

	¡"ò0H,X�ì�kF¼,���3	Ã�h*ü�b,XCYMÇEó�Ð�
`Eî*ü,Â,X�á�#�ó�9 C (Johnson��et��al.��2004).���ª�À�Ô

	¥,X�íEÝ&Œ9CG!�•?•= ” 6,���J� � PBXIH-135 �0��Î�šG!�•.

��

��

�*������

RDX/Al/HTPB �•2'%ä8›+° (Gerber��et��al.��2010)

��

��

�*������

RDX/Al/HTPB �•2'%ä8›+°'2& � (Gerber��et��al.��2010)
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E�oG!�•��,��PBXIH-135EB �����Ý/¡2O���ü#ý	_�ì�kF¼���S*ü�Ô�Q,X��
•,��	Ã�¹�Ý����'

�Ï�}�'�Ã�F'
`"ò0H.

���Z�Ô	¥�Ô�o�„_#ý	_&Œ9C�0���ô4 ³ IPN 
`K�2]#Ë	Ü(=,X�Ó�·(=.��Schaefer 
 ` Nicolich��(2005)

�Û�Î+�P¬6Ñ&Œ9C�ÃG¥�2'—�m
`2l4§��4˜�ä,X#�"¼�Î�ê&Œ9C�K�Ý8C�Q,X�û6Ñ,���Î�ê2l4§��6Ñ�ó�\

�Q,X�Ú�7�J�{*óEW�ç'—&»,X'ÚED�{(=.��-è0J	¥) „ Mg-Al 	ÜG¥,X�"#ý&•&?6Ñ�oEW�Q,��G!�•,X�.�s�û

6Ñ�ì�b�Ù	ÿ.P�êJo,XG!�•,��5à�è?–�³��(�(ŠJ±2],X�û6Ñ�ì�b)×_J±2],��G¥�2.P�ÃJo
`J±&Á���Í�¤

P¬�û6Ñ�´�""u�Ý���};��CL-20 
 ` TNAZ ,X�û6Ñ�J�ì� b HMX � ê RDX.

Simic 1� �� (2013)�� -è �
 �Z �´ /¡ �„ _ ,X #� "¼ �á 	Ü #ý 	_ &Œ 9C ,��&Œ 9C 4˜ �Ú ,X Bü G£ �Ú �D �� :��31%�� �a

30%HMX,��15%���a��20%HTPB 2l4§���Ã21%���a��30%Al�Ã0���a��9%Mg�Ã0���a��20%AP,���
�Û� Z 14 /¡#ý	_&Œ

9CG!�•,��Î� b 400g ,X�õ_A©P`,��-è0J�Z&Œ9C4˜�Ú	žG!�•!¨�_�Í'ÚED�{(=
`0N!è�†�Ï"¶	–�D,X�E


¡,���â�Û�š>™9C��(HMX/Al/HTPB��=��50/30/20) E¯> �Z�Í !¨ .��A©P`4§�p><�â,���� �Ý,X#�&•,��TBE-3

(45HMX/10AP/21Al/9Mg/15HTPB) ,X�†�Ï"¶CY	_�ÔP¬,��TBX-1(50HMX/30Al/20HTPB) �†�Ï"¶

CY	_�Ô�".��'Ú&ŒE°�,���†�Ï"¶CY	_	¾�Ý�\�ã,X�Â�Ö,��&Œ9C4˜�Ú�Í�†�Ï"¶CY	_�Ä��,X�E
¡��?U�üE¥

�.��,Ì!¨�b�Û�š&Œ9C,��	 ÿ Mg G!�•,X�†�Ï"¶CY	_�EWP¬,��14 /¡G!�•,X�†G£FÑP¬�b�Û�š&Œ9C.�����ÝG!

�•��,��TBE-3,��TBE-7,��TBE-12 
 ` TBE-1b ,X�û6Ñ�Ô�ì,��E�oG!�•FÑ�K�ÝEWP¬,X��>™9C�ÃJ±	ÿG£
`

Mg 	ÿ G£ .�� �� �Ý &Œ 9C �� ,��TBE-3 ,X #ý 	_ &Œ 9C �û 6Ñ �Ô �Q ,�� �K �Ý P¬ 'Ú Eó �Ã P¬ �† �Ï "¶ CY 	_ 
` �† G£ ,X

(M&•.

Hahma 1���(2002)���Í	 ÿ Mg,��Mg-Al 	ÜG¥�ÃJ±
`#��ûJ±G¥�2'—�m,X#ý	_&Œ9CE¯> �ZA©P`,��G›*ü

�á	à�Î�Õ
`#†�Õ�Ý��'—�m�0��&•&?'—�m,��Jq�ê"Ä�]���o"æ>™9C,��'—�mBüG£�Ú�D� � 20%.��A©P`><�â,

6ÊBüG¥�2�r��&Œ9C��(G¥�2	ÿG£4 z 60%)��,X0N��'Ú&Œ�û6Ñ�â��P¬�b,Ì	à6ÑG£�š�z,X�í&Ã�í!û�ê��'—

�m0N!è&Œ9C,��TNT �'G£E’��� Z 500%.��Hall 
 ` Knowlton��(2004)��-è0J�Z2l4§���Í#ý	_&Œ9C,XG!�•,X

�E
¡,��A’Au�Z2l4§����<õ,��HTPB 
 ` GAP ,X#ý	_&Œ9CG!�•,��	¥) „ GAP Î,XG!�•�K�Ý�ÔP¬,X�†G£


`�G��Ä��	_�o,��Ti/HTPB ÎG!�•,X�†�Ï"¶CY	_P¬�b�Í�h,XJ±ÎG!�•.��NM ÎG!�•><)„�Î�ZEW

P¬�†G£,��NM/Al/HMX30/30/40 G!�•�Ô�ì,���G��†�Ï"¶	_� o 0.5��MPa,���G��†G £ 802��kPa��ms.

>ž��6���������OF?&î9¥Gƒ�ï

&Œ9C 4˜�Ú �!/(g ��cm�í3)

PBXIH-135 HMX/Al/HTPB 1.68

PBXIH-135EB HMX/Al/PCP-TMETN 1.79

PBXIH-136 RDX/AP/Al/PCP-TMETN 2.03

PBXIH-18 HMX/Al/Hytemperature/DOA 1.92

PBXIH-18 ��mod.1 HMX/Al/Hytemperature/DOA 1.77

PBXIH-18 ��mod.2 HMX/Al/Hytemperature/DOA 1.84

HAS-4 HMX/Al/HTPB 1.65

HAS-4 ��EB HMX/Al/PCP-TMETN 1.73

Talley ��Mix ��5672 Al/Zr/IPN/Ethyl ��Cellulose(32/40/26.75/1.25) 2.21

1� ��1���ó 6µ�c�ó ����_#: ���Fg�Ñ�� ���6j�± ������#ý	_&Œ9C,X(M�û	ž	¥�))„(Š 73



���Z�'�Ï.@,Â�Û,��#ý	_&Œ9C�á�™LÔ?U�Q,X'Ú&Œ�Õ�o�û6Ñ,���‰�OE›/ß���3?U�Ý	ÜEÖ,XL��k�kP¬

�†�Ï.��Lips 1 � (2010) �Ô	¥�Z�†�Ï�á�#�ó'Ú&Œ�r��&Œ9C��(SIEBX)��G!�•,���K�Û	¡�Î1%(=4§�X,X6Ñ�o,

*ü�b	)�I�“���ã!:�<2Ï4³.

!8�ê,��E¬	¥�)�Z�Ô�o�„_#ý	_>™9CA’Au,��Sheridan 1���(2011)���ç�ý���£EÄ,X#ý	_&Œ9C���á	Ü&Œ

9C�$�m,���Ù�ÀP¬6Ñ&Œ9C4˜�Ú
`	Ã'ÚED,X	ÿ6Ñ�$�m��(+�P¬6Ñ&Œ9CPE�7)��.��	Ã'ÚED,X	ÿ6Ñ�$�m��;X7p

�6�ã,��;X7p�Ô����G¥�2E¬	s��,���Ô����G¥�2!û�ê��,��	Ã�¹EîE›A×�H�á	Ü&Œ9C�$�m4˜�Ú	•A×�H	_�o

�ÊKÈ6Ý�†.

4Ð�Þ��EÄ,���Ñ�ê	¥�),X#ý	_&Œ9C�¹�Î�Õ����,��	à�Ê+��b#ý	_&Œ9C��?U*ü�b�'�Ï"ò0H�ÃL{F'1�

� �ß�Ã	�� �ß,Â�Û,��LÔ?U�Ô�n�kE›EQ6Ñ�o,��5 à HTPB 
 ` Hytemp 1� 56Ê2O2l4§��	Ã�¹� � X PBX

&Œ9C,X�ê�:
`&Á�]�n�û,���¤P¬&Œ9C,X�"�ç�3�û6Ñ.���´!8,���û�î�D#ý	_&Œ9CG›*ü,X��#�JÌ�¹8N,����&Œ

9C�ä�Ú� � HMX � ê RDX,��G¥�2'—�m��(�(ŠJ±2]�ÃMg-Al 	ÜG¥�ê#Ë	Ü(=��(	ÿG£�Ô8�� ü 30% �º	Ç)��,

2l4§��� � HTPB 
 ` Hytemp 1�.��

7��������5	�•B#

���Z�¤	�#ý	_&Œ9C,XA’Au"��G,���—E¯#ý	_!:�<,X�ï�„	¥�),���05ÙAx���h�¢�¹�ß�•M6�t��#ý	_

&Œ9C,X-è0J.

(1)��2Ï4³�Ã#Å�9-è0J#ý	_&Œ9C,X'Ú&Œ���h�r����)Ú,���Á/��J�ÝL$0NKÈ�YF¼,X���ø���
.��#ý	_

&Œ9C,X'Ú&Œ#]	ž��CK'Ú�Ã'ÚED�Ã�†�Ï"¶,X�ô�•�â	¡�Ø�Ã�î2O'—�m2f�$,X'—&»�Ã�î,Ì$!#�
`�î�õ

�ê�:	¡�h1�,�����Ô�þ�á��,X&Á�í�o�í�ê5ú	ÜE›/ß,��LÔ#Å�ê#ý	_&Œ9CP¬��Gž6Ñ,X�GK�Î.�)ÚAŽ,���¹�Û

�ÐP¬�Õ�o#ý	_&Œ9C,XA’Au
`�S*ü.��	à�Ê,��#ý	_&Œ9C�ÝL$0NKÈ�YF¼'Ú&Œ�Ê,��L8�Z�î�Ä�†�Ï"¶�Ã&Á��

�h�ê,���h5×<%5ë!û�{*ó,XBó	_���h
`�šM-�Õ	_�o�Í�Ž
,
`4§�X,X!•�ø���h,��5à,Ì�G!•�ø��)Ú�¡�á

#Ù�..

(2)�� �Î 0Ÿ #ý 	_ &Œ 9C G! �• ,X A’ Au �š �í ,�� �Û �Ð #ý 	_ &Œ 9C ,X A’ Au .�� �| 9$ G› * ü Gerber 	¥ �) ,X

�û� b 2 �è'Ú&Á�û� b 4��kJ/g �0��#ý	_&Œ9CA’Au�q�B.�����ZE¯�Ô!9�¤	�#ý	_

&Œ9C,X'Ú&Œ�Õ�o,��LÔ�Ô�)��/�Ç4§�X�ê6Ê�ž4§�X�¹	ž4‡2GJ±�ÃAl-Mg,��B-Mg,��Al-B 
 ` Ti-B 1�G¥�2

#Ï�t���ü#ý	_&Œ9C�h*ü-è0J,���Ú�d'ÚED/'Ú&ŒE/¡�U0Ã�o�:)ƒ�W�ß,X�$�m�ê4§�X,X�†�Ï
¡�h(M�û

	ž�J�Í'Ú&Œ	¡�h��)Ú,X�E
¡.

(3)���Î0Ÿ/¥�:�Ã	Ü)Ú,X�ÝL$0NKÈ�YF¼'Ú&Œ�Õ�oA˜���•"©.��#ý	_&Œ9C,X�S*ü)ƒ�W��?U%F'�Ã.]

õ
`��ß�Î1%(=1�	«L$0NKÈ4§�X,��,Ì�Í�b7¾+�0NKÈ,��'Ú&Œ	–G£�á�™/¡2OEW�î,��5à�è�â4§�X,X5ú	Ü

�0*ü��:+,��	¡�h�ÊKÈ���zC¼�z�û,�����Ô�þ�î(=)Ú��Ã�î�´2ô�Ã�î���z,X6ÑG£Gž��E›/ß,��	à�ÊE¬�h

LÔ5×<%!:�<7¾D•,XLÔ"��Ã�0�ì,Â�Û(M�û1��•M6.

	ø��69���½��)d
��

�Í�Õ,���)���J,��L�5%�:.��2014.��TNT 	â'—	¡�h,X"��ß'Ú&Œ�rP`-è0J�â�D���õ�³.��P¬	_(=)Ú�:�y,��28:��443-449��(Cao��W,��He��Z

Q,�� Chen�� W�� H.�� 2014.�� Experimental�� research�� and�� numerical�� simulation�� of�� afterburning�� reaction�� of�� TNT�� explosive�� by

underwater��explosion.���#�H�I�N�E�S�E�Å�*�O�U�R�N�A�L�Å�O�F�Å�(�I�G�H�Å�0�R�E�S�S�U�R�E�Å�0�H�Y�S�I�C�S,��28:��443-449).
��
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Abstract��The��detonation��of��thermobaric��explosives��involves��ignition,��detonation,��propagation��and��re-

flection��of��shock��wave,��multi-phase�� turbulence,��and��multi-mode��chemical�� reaction.�� It�� is��a��coupling��pro-

cess�� of�� multi-scale,�� multi-material,�� multi-factor,�� and�� multi-physical�� field.�� A�� deep�� understanding�� of�� the

detonation��mechanism��of��thermobaric��explosion��and��effective��control��and��utilization��of��the��explosion��are

critical��to��the��innovation��and��development��of��thermobaric��weapons.��It��can��guide��the��design,��development

and��applications��of��high-power��thermobaric��explosives��and��weapons.��Firstly,��this��paper��describes��the��ori-

gin��of��thermobaric��explosives��and��the��basic��principle��of��thermobaric��explosion,��and��discusses��the��concept

and��connotation��of��thermobaric��explosives.��Secondly,��the��characteristics��of��thermobaric��explosives��from

the��aspects��of��explosive��kinds,��energy��release��characteristics,��energy��composition,��blast��reaction��mechan-

ism,��blast��effect��enhancement��mechanism��and��killing��mechanism��are��elaborated.��And��then��the��evaluation

method��of��explosion��power��of��thermobaric��explosives��in��confined��space��and��the��state��of��art��of��thermobar-

ic��explosives��were��summarized.��Finally,��we��give��some��relevant��suggestions��that��wcould��provide��guidance

for��the��design��of��high��power��thermobaric��explosive,��the��development��of��thermobaric��bombs��and��damage

assessment.

Keywords��thermobaric��explosives,��enhanced��blast��explosives,��volumetric��detonation,��thermobaric��ef-

fect,��confined��space
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