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Introduction

7KH�SUREOHP�UHODWHV�WR�VHOHFWLRQ�DQG�WHVWLQJ�RI�VROLG�SURSHOODQWV�
IRU� RSHUDWLRQV� DVVRFLDWHG� ZLWK� WKH� LQWHQVLğFDWLRQ� RI� RLO� DQG� JDV��
LQFOXGLQJ�IURP�VKDOH�IRUPDWLRQV��7KH�DVVXPSWLRQ�ZDV�PRGLğFDWLRQ�
RI� KHWHURJHQHRXV� SURSHOODQW� 03+� W\SH� WR� WKH� VWDJH�� ZKHUH� LWV�
SURSHUWLHV�DQG�SHUIRUPDQFH�FKDUDFWHULVWLFV�DUH�DSSURSULDWH�IRU�GU\�
IUDFWXULQJ� WHFKQRORJ\�� 7KH� DGYDQWDJH� RI� FRPSRVLWH� SURSHOODQWV� LV�
WKHLU�KLJKHU�UHVLVWDQFH�WR�WHPSHUDWXUH�DQG�SUHVVXUH��DOORZLQJ�WKHLU�
XVH� DW� KLJKHU� RSHUDWLQJ� SDUDPHWHUV� UHLJQLQJ� LQ� WKH� ZHOO�� )XUWKHU�
PRGLğFDWLRQ�E\�WKH�DGGLWLRQ�RI�FHUDPLF�SRZGHUV�LQ�WKH�IRUP�RI�VLOLFD�
RU�FRUXQGXP�VWDELOL]H�VOLWV��VR�WKDW�WKH�ĠRZ�RI�JDV�RU�RLO�LV�IUHH�
7R� RSWLPL]H� WKH�PRGLğHG� FRPSRVLWLRQV� XVHG� WRROV� IRU� WKHUPR�

FKHPLFDO� SDUDPHWHUV� DQDO\VLV� �SURJUDP� ,&7� 7KHUPRG\QDPLF� &RGH�
9HUVLRQ�������7KH�LQĠXHQFH�RI�WKH�SURSRVHG�DGGLWLRQV�WR�WKH�HQHUJHWLF�
SDUDPHWHUV�IRU�VWXGLHG�SURSHOODQW��L�H��LPSXOVH��FDORULğF�YDOXH��FRHIğFLHQW�
WKUXVW��ZDV�VKRZQ��7KH�YROXPH�RI�JDVHRXV�SURGXFWV�JHQHUDWHG�SHU�XQLW�
YROXPH�RI�SURSHOODQW��ZKLFK�LV�LPSRUWDQW�SDUDPHWHU�LQ�WKH�SURFHVV�RI�
K\GUDXOLF�IUDFWXULQJ�ZDV�HVWLPDWHG�
7KH�UHVXOWV�RI�QXPHULFDO�DQDO\]HV�ZHUH�HYDOXDWHG�LQ�DQ�H[SHULPHQW�

RI� WKH� VWXG\� KHWHURJHQHRXV� SURSHOODQW� VDPSOH� LQ� FRPEXVWLRQ�
SURFHVV��5HVXOWV�RI�LJQLWLRQ�WHVWLQJ�03+�SURSHOODQW�ZLWK�D�FXPXODWLYH�
MHW� SHUIRUPHG� LQ� EDOOLVWLF� SUHVVXUH� YHVVHO� ZHUH� SUHVHQWHG�� 7KHVH�
VWXGLHV�DUH�WKH�SULPDU\�ZD\�WR�GHWHUPLQH�WKH�FRQGLWLRQV�WKDW�PXVW�
EH�SUHVHUYHG� LQ� WKH�SURFHVV�RI� LQLWLDWLQJ�FRPEXVWLRQ�RI�SURSHOODQW��
7KH\� DOORZ� WR� GHWHUPLQH� WKH� LPSRUWDQW� SDUDPHWHUV� FKDUDFWHUL]LQJ�
WKH�FRPEXVWLRQ�SURFHVV��PD[LPXP�SUHVVXUH��SUHVVXUH�LPSXOVH���EXW�
DOVR� WR� GHWHUPLQH� ZKHWKHU� LW� RFFXUUHG�� 6WLPXODWLRQ� RI� SURSHOODQW�
E\�PHDQV�RI�HQHUJHWLF�LPSXOVH��HJ��FXPXODWLYH�MHW��LQLWLDWHV�WKH�SURFHVV�
RI�WKHLU�UDSLG�WUDQVIRUPDWLRQV��,W�UHYHDOV�VXGGHQ�ULVH�RI�WHPSHUDWXUH�
DQG�SUHVVXUH�ZLWK� WKH�FUHDWLRQ�RI� ODUJH�DPRXQWV�RI� JDVHV� �DSSUR[��
����O�ZLWK���NJ�RI�SURSHOODQW��

)RU� DQDO\VLV� LW� LV� QHFHVVDU\� WR� NQRZ� TXDOLWDWLYH� DQG� TXDQWLWDWLYH�
FRPSRVLWLRQ� RI� KHWHURJHQHRXV� SURSHOODQW� 03+� DQG� LWV� PRGLğHG�
FRPSRVLWLRQV��7DE�����
7KHUPRG\QDPLF� DQDO\VLV� ZDV� SHUIRUPHG� WR� GHWHUPLQH�

SDUDPHWHUV� VXFK�DV�R[\JHQ�EDODQFH��YROXPH�RI�JDVHRXV�SURGXFWV��
KHDW�RI�H[SORVLRQ��FDORULğF�RI�SURSHOODQW��XQGHU�VWDQGDUG�FRQGLWLRQV�
DQG�D� FRQVWDQW� YROXPH� �9� �FRQVW��� ORDGLQJ�GHQVLW\�RI�SURSHOODQW�
����J�FP3���8QGHU�FRQVWDQW�SUHVVXUH��S� �FRQVW���ZDV�GHWHUPLQHG��
VSHFLğF� LPSXOVH� LQ� IUR]HQ� DQG� HTXLOLEULXP� FRQGLWLRQV�� WKUXVW�
FRHIğFLHQW��S� �����03D���FKDUDFWHULVWLF�YHORFLW\�DQG�WHPSHUDWXUH�
RI� FRPEXVWLRQ� FKDPEHU� SURGXFWV� �S�  � �� 03D��� 7KH� UHVXOWV� DUH�
VXPPDUL]HG�LQ�WDEOHV��7DEOH����03+�ZLWK�6L2
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Table 1
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additives

Propellant composition

Contents

MPH
MPH 

+10%

MPH 

+20%

MPH 

+30%

MPH 

+40%

MPH 

+50%

3RWDVVLXP�SHUFKORUDWH �� 74.7 66.4 ���� ���� 41.2

'2$��GLRFW\O�DGLSDWH� 3.5 3.15 ��� 2.45 2.1 1.75

(���HSR[\�UHVLQ� 5.5 4.95 4.4 ���� 3.3 2.75

%&1��OLTXLG�UXEEHU�EXWDGLHQH�
FDUER[\OLF�DFLG�QLWULOH�

� 7.2 6.4 5.6 ��� 4
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Table 2

2 
additions

Properties
10 % 

SiO
2

20 % 

SiO
2

30 % 

SiO
2

40 % 

SiO
2

50 % 

SiO
2

7KHRUHWLFDO�GHQVLW\�>J�FP3@ 2.014 2.033 2.053 2.072 2.093

2[\JHQ�EDODQFH�>�@ -7.29 ����� -5.67 ����� -4.05

*DVHV�YROXPH�>FP3�J@ ����� ����� 313.6 ����� 224.2

Gases volume generated SHU�XQLW 
volume�RI�SURSHOODQW�>FP3��PO@

������ ������ ������ 557.16 469.25

0ROH�QXPEHU�RI�JDVHRXV�SURGXFW�
>PRO�NJH[SO�@

16.465 14.643 ������ 10.993 9.165

+HDW�RI�H[SORVLRQ�>-�J@ 3145.2 ������ 2417.5 2053.7 1690

6SHFLğF�LPSXOVH�LQ�IUR]HQ�FRQGL-
WLRQV�>1V�NJ@

���� 1651 1491 1321 1142

6SHFLğF�LPSXOVH�LQ�HTXLOLEULXP�
FRQGLWLRQV�>1V�NJ@

���� 1659 1495 1323 1142

7KUXVW�FRHIğFLHQW 1.626 ����� 1.693 1.706 1.737

7HPSHUDWXUH�RI�combustion 

FKDPEHU�SURGXFWV�>.@
2699.4 2462.1 2207.6 1996 1731.3

&KDUDFWHULVWLF velocity�>P�V@ ���� 996 ��� 774 657

+HDW�RI�IRUPDWLRQ�>N-�NJ@ -4251.36 -5463.1 �������� �������� ��������



Table 3

2
O

3
 additions

3URSHUWLHV
�����
Al

2
2

3

�����
Al

2
2

3

�����
Al

2
2

3

�����
Al

2
2

3

�����
Al

2
2

3

7KHRUHWLFDO�GHQVLW\�>J�FP3@ 2.1 2.216 2.345 2.491 2.656

2[\JHQ�EDODQFH�>�@ -7.29 ����� -5.67 ����� -4.05

*DVHV�YROXPH�>FP3�J@ ����� ����� 313.6 ����� 224.2

Gases volume generated SHU�
unit volume�RI�SURSHOODQW�

>FP3��PO@
������ 793.77 735.39 ������ 595.47

0ROH�QXPEHU�RI�JDVHRXV�
SURGXFW�>PRO�NJH[SO�@

16.465 14.643 ������ 10.993 9.165

+HDW�RI�H[SORVLRQ�>-�J@ 3154.3 2799.6 2444.9 2090.3 ������

6SHFLğF�LPSXOVH�LQ�IUR]HQ�
FRQGLWLRQV�>1V�NJ@

���� 1653 ���� 1319 1141

6SHFLğF�LPSXOVH�LQ�HTXLOLEULXP�
FRQGLWLRQV�>1V�NJ@

���� ���� 1495 1323 1142

7KUXVW�FRHIğFLHQW 1.65 1.709 ����� 1.712 1.744

7HPSHUDWXUH�RI�combustion 

FKDPEHU�SURGXFWV�>.@
2629.1 2327 2233 1977 1716.9

&KDUDFWHULVWLF velocity�>P�V@ 1093 967 ��� 771 654

+HDW�RI�IRUPDWLRQ�>N-�NJ@ -4379.13 �������� �������� �������� -9737.15

6HOHFWHG�WKHUPRG\QDPLF�LWHPV�ZHUH�SUHVHQWHG�LQ�JUDSKLFDO�IRUP�
�)LJ����ļ����
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additives per volume 
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impulse of MPH propellant
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explosion of MPH propellant
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03+�SURSHOODQW�DGGLWLYHV�LQ�WKH�IRUP�RI�$O
2
2

3
�DQG�6L2

2
 reduce 

WKH� YROXPH� RI� JDVHRXV� GHFRPSRVLWLRQ� SURGXFWV� �)LJ�� ���� 7KH�
DGGLWLRQ� RI� FRUXQGXP� JHQHUDWHV� ODUJHU� DPRXQW� RI� JDVHV� SHU� XQLW�
YROXPH�RI� SURSHOODQW�� WKDQ� DGGLWLRQ� RI� VLOLFD� �ZLWK� ����� DGGLWLRQ�
WKH�FDOFXODWHG�YROXPH�RI�JDV�SURGXFWV�SHU�XQLW�YROXPH�RI�SURSHOODQW�
LQFUHDVHV� E\� �����ZKLOH�ZLWK� ����� DGGLWLRQ� RI� FHUDPLF�PDWHULDO�
LQFUHDVHV�E\��������7KH�YDOXH�RI� VSHFLğF� LPSXOVH�GHFUHDVHV�ZLWK�
LQFUHDVLQJ� DGGLWLYHV�� LW� GRHV� QRW� GHSHQG� RQ� WKH� W\SH� RI� FHUDPLF�
SRZGHU� �)LJ�� ���� 8VH� RI� LQHUW� PDWHULDOV� LQ� PRGLğHG� SURSHOODQW�
FRPSRVHG�LQFUHDVHV�WKH�WKUXVW�FRHIğFLHQW��6LPLODUO\��ZLWK�DGGLWLRQ�
RI� FRUXQGXP�� WKLV� SDUDPHWHU� UHDFKHV� D� KLJKHU� YDOXH� WKDQ� WKH�
SURSHOODQW�ZLWK�DGGLWLRQ�RI�VLOLFD��)LJ������$QDO\]LQJ�WKH�YDOXH�RI�KHDW�
RI�H[SORVLRQ�ļ�FDORULğF��)LJ����� LQĠXHQFH�RI�NLQG�RI�DGGLWLYH� LV�QRW�
UHOHYDQW��GLIIHUHQFHV�UHODWLYH�WR�XVHG�DGGLWLYHV�DUH�XS�WR�DSSUR[����
��DW������RI�WKHLU�FRQWHQW���:KHUHDV��VLJQLğFDQW�GHFUHDVH�LQ�FDORULF�
YDOXH�IRU�SURSHOODQWV�ZLWK�FHUDPLF�DGGLWLYHV�LQ�UHODWLRQ�WR�WKH�SXUH�
03+�SURSHOODQW�ZDV�RFFXUUHG��ZLWK������DGGLWLRQ�IROORZHG�GRXEOH�
GHFUHDVH�KHDW�RI�H[SORVLRQ��
7KH� UHVXOWV� RI� DQDO\VLV� REWDLQHG� YDOXHV� RI� JDV� YROXPHV� UHODWH�

WR�WKHRU\��,Q�SUDFWLFH��SURSHOODQW�DGGLWLYHV�LQ�WKH�IRUP�RI�VLOLFD�DQG�
RU�FRUXQGXP�PXVW�KDYH�D�GLIIHUHQW�JUDLQ�FRPSRVLWLRQ��VR�WKDW�SDUW�
RI�WKHLU�UHPDLQ�XQUHDFWHG�DQG�LQ�WKH�IRUP�RI�EDOODVW�ğOOHG�WKH�JDS�

Experimental part

([SHULPHQWDO�SDUW�LQFOXGHV�WKH�H[DPLQDWLRQ�RI�03+�SURSHOODQW�LQ�
D�SUHVVXUH�YHVVHO��7KH�SURSRVHG�UHVHDUFK�PHWKRGRORJ\�XVHG�WR�DVVHVV�
WKH�LQLWLDWLQJ�FDSDELOLW\�WKH�FRPEXVWLRQ�SURFHVV�ZLWK�WKH�VLPXOWDQHRXV�
PHDVXUHPHQW� RI� SUHVVXUH� DQG� HIIHFWLYHQHVV� RI� WKH� VKDSH� FKDUJHV�
�EDVHG�RQ�WKH�SHQHWUDWLRQ�SLOH�RI�WKH�FRQWURO�SODWHV��ļ�FRPS�LPDJH�WHVW�
V\VWHP�LQ�WKH�)LJXUH���



)RU�WKH�WHVW�ZDV�XVHG�D�VDPSOH�RI�03+�SURSHOODQW�ZLWK�D�ZHLJKW�
������J�DQG�WKH�IROORZLQJ�GLPHQVLRQV��H[WHUQDO�GLDPHWHU����PP��LQQHU�
GLDPHWHU����PP��KHLJKW����PP��7HVW�VDPSOH�ZDV�LQLWLDWHG�E\�WKH�D[LDO�
ļ�GLUHFWLRQ�VKDSH�FKDUJH��2.7&�+�33�6]����฀���W\SH��7KH�GLVWDQFH�
EHWZHHQ�FKDUJH�DQG�SURSHOODQW�ZDV����PP��3LOH�RI�FRQWURO�SODWHV�ZHUH�
PDGH�RI�VWHHO�6����IRUPDW����[����PP�DQG�D�KHLJKW�RI����PP��1XPEHU�
RI�SODWHV�XVHG�LQ�WKH�SUHVHQW�WHVW�ZDV����XQLWV�
3UHVVXUH� PHDVXUHPHQW� ZDV� SHUIRUPHG� XVLQJ� SDUDOOHO� VHQVRUV��

D�SLH]RHOHFWULF��3&%�3LH]RWURQLFV�W\SH��VHULHV�0���%���ļ�7DE�����DQG�
UHVLVWDQFH��60/�W\SH��VHULHV�$'=�1DJDQR������ļ�7DE�����

Table 4

3450 kPa

Measuring range�IRU�ř���9�RXWSXW �����N3D

7KH�VHQVLWLYLW\ �����P9�N3D

0D[LPXP�SUHVVXUH ������N3D

7KH�UHVROXWLRQ ������N3D

6OHZ�WLPH �����ŝV

6HQVLWLYLW\�WR acceleration ��������N3D��P�Vő�

7KH�PD[LPXP�WHPSHUDWXUH �LQVWDQWDQHRXV� ����Ş&

7KH�PD[LPXP instantaneous acceleration �������P�Vő�LQ�SHDN

Table 5

6 MPa

2XWSXW�VLJQDO ���������9

6OHZ�WLPH  1.0 ms

6LJQDO�OLQHDULW\ ������

3UHVVXUH� VHQVRUV� ZHUH� SRZHUHG� E\� D� SRUWDEOH� ��FKDQQHO� ,(3(�
VLJQDO� FRQGLWLRQHU�GHGLFDWHG� WR�3&%� ,&3� VHQVRUV� VHULHV�9,%$03�3$�
������'LUHFW�PHDVXUHPHQW� RI� SUHVVXUH�ZDV� UHFRUGHG� XVLQJ� D� GLJLWDO�
RVFLOORVFRSH� �*Z,167(.� *'6������ ļ� WKH� PD[LPXP� VDPSOLQJ� UDWH� 
�*6�
�V�Ő���9LHZ�RI�WKH�PHDVXUHPHQW�WHVW�V\VWHP�LV�VKRZQ�LQ�)LJXUH���
D��� � � �E�

 

'XULQJ� WKH�03+� SURSHOODQW� LJQLWLRQ� WHVW� ZLWK� D� VKDSH� FKDUJH��
IRUPHG� DQG� VSHHGLQJ� MHW� FXPXODWLYH� LQLWLDWHG� SURSHOODQW� DQG� WKHQ�
SHUIRUDWHG�SLOH�RI�FRQWURO�SODWHV�WKH�GHSWK�RI����PP��7KH�SURSHOODQW�KDV�
EHHQ�EXUQW�FRPSOHWHO\��7KH�PHDVXUHPHQW�UHVXOW�LV�DQ�LQWHUSUHWDWLRQ�
RI�DQ�LOOXVWUDWLYH�SUHVVXUH�FXUYH� ��)LJ�����

 

(QHUJHWLF�SDUDPHWHUV�GHWHUPLQLQJ�WKH�WHVW�DUUDQJHPHQW�
���� 7KH�PD[LPXP�SUHVVXUH� ��VKRFN�ZDYH�JHQHUDWHG�E\�WKH�VKDSHG�
FKDUJH���

���� 7KH�SUHVVXUH� LPSXOVH� � �UHVXOW�RI�FDOFXODWLQJ� WKH� LQWHJUDO�RI� WKH�
SRVLWLYH�SKDVH�RI� VKRFN�ZDYH�SUHVVXUH��ZKLFK� FKDUDFWHUL]HV� WKH�
ZRUN�DELOLW\�RI�H[SORVLYH�PDWHULDO�LQ�FKDUJH���

���� 7KH� PD[LPXP� SUHVVXUH� RI� SURSHOODQW� FRPEXVWLRQ� SURFHVV�
�GHĠDJUDWLRQ�� . 

4.  7RWDO�SUHVVXUH� LPSXOVH� ��UHVXOW�RI�FDOFXODWLQJ�WKH� LQWHJUDO�RI�WKH�
SRVLWLYH�SKDVH�WKH�HQWLUH�SUHVVXUH�FXUYH��
%DVHG�RQ�GHSHQGHQFH�S� �I��W��REWDLQHG�GXULQJ�WKH�LQLWLDWLQJ�DQG�

FRPEXVWLRQ�UHJLVWUDWLRQ�RI�03+�SURSHOODQW��)LJXUH����ZDV�GHWHUPLQHG�
HQHUJHWLF�SDUDPHWHUV�FKDUDFWHUL]LQJ�WKH�WHVW�DUUDQJHPHQW��7DEOH�����

Table 6

propellant

Parameter

0D[LPXP�VKRFN�ZDYH�SUHVVXUH P ����N3D

0D[LPXP�SUHVVXUH�RI�SURSHOODQW�
FRPEXVWLRQ�SURFHVV P

����N3D

6KRFN�ZDYH�SUHVVXUH�LPSXOVH I ����3DĿV

7RWDO SUHVVXUH imSXOVH I ������3DĿV



Summary

$UWLFOH� UHODWHV� WR� UHVHDUFK� SHUIRUPDQFH� DQG� HQHUJHWLF�
SDUDPHWHUV�� PRGLğHG� KHWHURJHQHRXV� SURSHOODQW�� ZKLFK� LV�
D�SRWHQWLDO�WR�XVH�WKH�RSHQLQJV�RI�RLO�DQG�JDV�IUDFWXULQJ�WUHDWPHQWV��
)RU� WKH�SXUSRVH�RI�RSWLPL]LQJ�PRGLğHG�SURSHOODQWV� FRPSRVLWLRQV�
XVHG� WKHUPRG\QDPLF� DQDO\VLV� WRROV�� ZKLFK� VXSSRUW� H[SHULPHQWDO�
UHVHDUFK��2ZLQJ� WKHVH� WRROV� LW� LV� SRVVLEOH� WR� NQRZ� WKH� HQHUJHWLF�
FKDUDFWHULVWLFV��FRPSRVLWLRQ�DQG�TXDQWLW\�RI�JDV�SURGXFWV��+RZHYHU��
RQ�UHVHDUFK�VWDJH�RI�SURSHOODQWV�XQGHU�UHDO�FRQGLWLRQV�UHTXLUHG�LV�
WKH� FKRLFH� RI� UHVHDUFK�PHWKRGRORJ\�� DOORZLQJ� GHğQH� WKH� SURFHVV�
IRU� LQLWLDWLQJ� DQG� GHFRPSRVLWLRQ� RI� WHVWHG� SURSHOODQWV�� 3URSRVHG�
UHVHDUFK�PHWKRGRORJ\�RI�SURSHOODQW�LQ�D�FORVHG�SUHVVXUH�V\VWHP�KDV�
SURYHG�DSSURSULDWH�IRU�DVVHVV�WKH�HIIHFWLYHQHVV�RI�LJQLWLRQ�DQG�VWDEOH�
FRPEXVWLRQ�RI� WKH�SURSHOODQW�GXULQJ� WHVWV��$GGLWLRQDO� UHJLVWUDWLRQ�
RI� SUHVVXUH� FKDQJHV� LQ� EDOOLVWLF� FKDPEHU� DOORZV� WR� GHWHUPLQH� WKH�
HQHUJHWLF�SDUDPHWHUV�RI�WHVWHG�SURSHOODQW�
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IXQNFMÚ�0LQLVWUD�6NDUEX�3DñVWZD��

3UH]HVHP�NDQDG\MVNLHM� VSöïNL� ELRIDUPDFHXW\F]QHM�+HOL[�%LR3KDU-
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