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1 Ú ó

�N»�v�í?J´�3�Ní?J¥V
\kÅp©f½ÃÅ�N�â��©f�vJá
�
/¤�­½�GÔ, äk²w�>C9�Úî
6CA5, ¿±ÙpUþ�Ý!pS�5!�Ï�
Ñ�!6þ���`:, Åì¤��«äk2,A
^cµ�#.í?J [1−3]. �,v�í?Jäk±
þwÍ`:, �V\��vJUC
�Ò�%�u
-�A5, ¦Ù¢SA^¡��Ì�(J´O\�
Ò�%�u-��Ç!Jpí?J-�­½5Ú
�Ç. Ïd, rºv�í?J�u-�Ån¿ïá
v��Ò�%�u�., éUõv��N»�uÄ
Å�Ò-� CFD ê�O�°Ý, U?v�í?J

��ï�ÚuÄÅ�O�äk­�¿Â [4].

ISC
cºYmÐ
v�(�9��ï
� [5,6]!v�6C9ÒzA5��¡�ïÄ [7,8],

����k'v�í?J�u-��¡��'ï
Ä, I	�Ì�æ^¢��{éÙ�u-�L§?
1
½5*ÿ [9−11], =k�þ©zév�í?J
�u-�ï��ý?1
kÃ&¢ [12−14]. v�í
?J�â¤V\��vJ«a©�kÅv�í?
JÚÃÅv�í?J, cöÌ�����9p©f
kÅÔ�ó�p��/¤��G(��Cí?J,


�öÌ���%®!¾®�ÃÅ��â�m�
����å/¤�G(�, ÏdÙv��(�­½
5�cö��Nõ. �,v�í?J�¢S�*(
�´�G(��C�Ní?J, �ïÄ(JL²Ù
�u-�A5�~aqu�¹ØÓ�u5Ô��
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õ|©í?J. ©z [12, 13] ©O�éÃÅÚkÅ
v�í?Jïá�v�ü�%�u�.�Ñæ^

õ|©�uÄ�b�, cö©Û
¾®/%®ÃÅ
v�í?J¥�N�âº�9¹þé�Ò�%�
gÒz�K�, �ö©Û
kÅv�í?J¥�v
J¹þÚ�Ò�%º�év�J�/¤Ú»��
m�K�. ©z [14] �év��%�u-�L§,

nã
Ù¦�
nØ�.9�«¢�ïÄ�{, ¿
�Ñ
ï�9¢�ïÄ¤¡��(J.

�©Äk�âv�ü�%�u-�¢�(J,

�\©Û
kÅg-v�í?J�u-�A5, ,
��Ñ
ykkÅv��Ò�%�u�.�3�
Øv, ¿�â~5õ|©�%�u�.9v�í?
JØÓ�ã��u-�A5, ïá
U
¢yv�
�Ò�%���uL§�v�ü�%�u�.; �
�ÏL�ýO�y¢
�.Ün5, ¿©Û
�v
Jé~5�N�Ò�%�uL§�K�.

2 v�í?Jü�%�u-�Ån

�
rº,.kÅv� �`- (UDMH) g
-í?J3o�z�� (NTO) �í¥��u-�
A5!ïáÜn�v��Ò�%�u�., �©�

v�ü�%��u-�L§�O
Ün�¢�X
Ú, ¿ÏL©Û¢�y�?�Úrº
T.v�ü
�%�u-�Ån.

2.1 üüü���%%%���uuu---���¢¢¢���XXXÚÚÚ

ã 1 �Ñ
�©�O�v�ü�%�u-�
¢�XÚ, Ì��¹p���fXÚ!v�ü�%
)¤fXÚ!�zJ\9fXÚ!�zJ6þ�
�fXÚ9êâæ8��fXÚ.

(1) p���fXÚ. TfXÚæ^ Phantom

v9.1 p�$Ä©Û¤�¤v�ü�%�u-�L
§�ã�Ä�ÓPó�. p���¤S�
÷Ì
4 : 3, 1632×1200 ���çÚ SR-CMOS Daì, ä
këYP¹!Í1�mëY�N!	>uÓÚ�
õU, �¢y�Ìû��Ý 1000 v/s!��û��
Ý 153846 v/s!��Í1�m 2 µs.

(2) v�ü�%)¤fXÚ. TfXÚÌ��
âv�í?Jäk²wÅ�5Ú��L¡Üå�
Aká5, U
ÏL5�C�3�Þ"à/¤��
���]!v��%. ÏL'�²��Þ!²�Â
��Þ9²����Þn«/G�Þ�)�v�
�%/G9º���5��I, �ªÀJ
²�Â
��Þë��5�C�.

� � �
� � � � � �

� � �
ã 1 ü�%�u-�¢�XÚ (a) ¢��¸²�; (b) p��KfXÚ; (c) êâæ8��fXÚM�; (d) êâæ8��fX
Ú^�
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(3) �zJ\9fXÚ. TfXÚæ^��µ
�/+EâU
3k��mSJp�9�Ç, ¯�
N� NTO �í§Ý. ��zJ$u�½§Ý�, �
XÚuÑ�m9
¯�,§�J«; �Ù§Ýpu
�½§Ý�, �XÚuÑ�m$§�í�96N¯
�ü§�J«.

(4) �zJ6þ��fXÚ. TfXÚ�â\
9fXÚ9m��¸¥�§Ý!Øå�æ�êâ
O�Ú��z�méÝ, ¢y
ÏLN!Ñ�6þ
�ª5�� NTO �íÑ��Ý�8�.

(5) êâæ8��fXÚ. TfXÚÌ�d§
Ý!Øå�DaìM���9mu��{��§
S^�|¤, ^u¼�-�¢�XÚ�Ü©Øå!
§Ý�ëê, ¿Uì¢�6§���z�Ú>^m
', �y�fXÚ�mó�^SÚÓÚó�.

du¢��¸�m��¸, �
~� UDMH

g-í?J�ué±��¸�À/, ¢�O��ã
Äk3�zJ\9XÚ¥ý9 NTO �í��½§
Ý�, 2^v�ü�%)¤fXÚ3�Þ"à�)
]!v��%; ,�r�5C�]�� NTO Ñ�
þ�, ¿Ó�>Ä�zJ6þ��fXÚÚp��
�fXÚm', NTO �í3êâæ8Ú��fXÚ
�^e�â�½�§ÝÚ6�?\�m��¸¥,

¿�þ�]��v��%�>u)�A; p���
fXÚUì�½�û�ªÌP¹��g-X»-
�L§.

2.2 ���uuu---���¢¢¢���yyy���999ÅÅÅnnn©©©ÛÛÛ

ã 2 �Ñ
kÅv�g-í?Jü�%3X
»ò´!��-�9­-K»n��ã��u-
�¢�y�.

dã 2(a) ��, 3X»ò´�ã, v�ü�%
NCí�|¥Ñy
�þxÚëÒ, X»����
%º��'Ð©��¬kÑ�O�. ©z [15] ï
Ä(JL², ¤�)��þxÚëÒ´g-í?
J UDMH �í��zJ NTO 3X»ò´Ïm�
A)¤�¥m�Ô, T�AL§¬3í��¸¥º
�9þ¿Jp�¸§Ý. Tv��%3X»ÐÏÑ
y�)äy�²wØÓu~5í?J, ÙÌ��Ï
´v��%SÜAÏ�äG©f(��©f*Ñ
Xê�~�, ÏdØ´�u��vJ¬¯�3�%
L¡\È
ÅÚ/¤�vJ�, r¦í�¥�õ�

9þ^u�%\9, ���%É9)ä�Jruí
?J�u����%º� �.

dã 2(b) ��, 3��-��ã, v�ü�%
X»��»�×�øò��4���%, ¦�v�
�%SÜ×�\9�Lg-í?J£:§Ý, �%
SÜ(Ø£C�u/¤��íØU×�üÑ�%
L¡/¤�p©f�vJ�
�)
�þí�, ù
¦��%º�Ñy
�Ì)ä. �X�%)ä9
�vJ�ÅìC�, ��%L¡«É�.�Aå�
L�vJ�,?¯ÑAå�, �vJ�»�¿]m
º�Ñí�S��þg-í?J�í, ¦��%º
�×�£ , ¿��v��%±�»�Ñy “��”

��G/�. du�%L¡NC6|ëêØþ!9
�vJ�¯ÑAåÉ§Ý!|©¹þ�ÃõÏ�
K�, �%º�Cz9SÜ�í�� �Ñ4Ø5
K, �¢�y�L²Ð©�ã���-�ì�§Ý
²wØX�Ï.

dã 2(c) ��, 3­-K»�ã, v�ü�%
S��þg-í?J®²�Ñ�¦, SÜ¤/¤�
í�NÈwÍ~�, �vJ�Cþ�\J±»�,

¦�SÜ�í���rÝ9ªÇÑ²wØX��
-��ã, �%�»Cz�vkÑywÍCz. �
{�p©f�vJ¬dup§»�
©)¤�©
fíN, ��X»�K«���¸§Ýü$, �5
ì�Þþ�ª�´�{
�þ���©)�íU.

�âþãkÅv�g-í?Jü�%�u-
�¢�y�9Ån©Û, eØ�Äí��¸¥�z
Æ�AL§, Kv��%3p§�¸¥��uL§
�©��vJ�/¤�ã!�vJ��E�)ä
9»��ã, ã 2 ©O�Ñv�ü�%3ùn��
ã��u�..

3 v��Ò�%�u�.

©z [13] �ékÅv�í?Jïá
ü�%
õ|©*Ñ�u�., T�.ÏL¦)��õ|
©*Ñ�§��
�%SÜ�vJ©Ù��m�
Cz, ¿@��%L¡�vJ�þ©ê�u 99%�
�5�vJ�/¤, �%SÜ�u�)��ír
¦�vJ�)ä, ���LÙ¯ÑAåK@��»
�. �,T�.lnØþ£ã
v�í?J3Ø
Ó�ã� �u-���, �E�3e¡�
¯
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K, ��
�.Ün59°Ý, ¿=©Û
�¸Ï
�9�%Ð©ëêév�ü�%Äg/¤�v
J�Ú»��K�, �U¢y���uL§O�
�ý.

(1) �%L¡�u6ÇØÜn. T�u�.3
í�O­�b��^�e, æ^
��{z�²
�úªO��%L¡�u6Ç, ���%L¡�u
6Ç3�vJ�/¤c©ª�±ØC, e3�%L
¡æ^UþÅð½|©Åð�{O��u6þK
U
�NÑ��mCz��u6Ç, ¿k�U?O
�°Ý.

(2) �%L¡�vJ¹þØÜn. T�u�.
3O��%L¡�vJ¹þ�@��%SÜ�v

Jþ!©Ù, 
¢Sþ�vJ3�%S�*ÑXê
�~k�, Ïdb��vJ¹þ3�%L¡k��
�Sþ!©ÙâÜn.

(3) �%§ÝØÜn. T�u�.b��Ò�
%§Ý©ª�±�í?J£:, ,
ïÄ(JL²,

¹ØÓ�u5Ô��õ|©�%¬©ª?u�­
�\9�ã, ¦��%SÜ§Ý�L´�u5|©
£:, ¿3�%SÜ£C(Ø/¤í�.

(4) �%SÜ�u�þ6þØÜn. T�u�
.3v�J�/¤�, @�	Ü�¸�é6Ú*Ñ
96þÑ��^u�%SÜí?J�u, 
��Ä
�%§Ý,p¤I�Ñ�96þ, l
O�
í?
J�u�þ6þ9�%)ä�Ý.

ã 2 kÅv�g-í?Jü�%ØÓ�ã��%º�9»�/� (a) X»ò´�ã; (b) ��-��ã; (c) ­-K»�ã
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3.1 ~~~555õõõ|||©©©���%%%���uuu666ÄÄÄ���������§§§

�
{z�.�E,§Ý, �©b��Ò�%
9Ùí��¸ëê÷v¥é¡©Ù, �Ñ Dufour

9 Soret �A, �ÑË�D99í�M)K�. �

�Ä$Ä�%é6�Ýé�Ò�%�u�.�K
�, �%�u6Çæ^ãl�ê (Nu) ?1?�, �
%SÜ�6æ^k�D9D�Xê?1?�. v�
�Ò�%��u-�A5�~aquõ|©�%,

Ïde¡Äk�Ñõ|©ü�%¥é¡�u�.
�6Ä���§ [16].

í�ëY�§:
∂ρg

∂t
+

1
r2

∂

∂r
(r2ρgvg) = 0. (1)

í�|©DÑ�§:

∂(ρgYi)
∂t

+
1
r2

∂(r2ρgvgYi)
∂r

=
1
r2

∂

∂r

(
r2ρgDg

∂Yi

∂r

)
. (2)

í�UþDÑ�§:

∂(ρgCPgTg)
∂t

+
1
r2

∂(r2ρgvgCPgTg)
∂r

=
1
r2

∂

∂r

(
r2kg

∂Tg

∂r

)
. (3)

��ëY�§:
∂ρL

∂t
+

1
r2

∂

∂r
(r2ρLvL) = 0. (4)

���vJ|©DÑ�§:

∂(ρLYgel)
∂t

+
1
r2

∂(r2ρLvLYgel)
∂r

=
1
r2

∂

∂r

(
r2ρLDL

∂Ygel

∂r

)
. (5)

��UþDÑ�§:

∂(ρLCPLTL)
∂t

+
1
r2

∂(r2ρLvLCPLTL)
∂r

=
1
r2

∂

∂r

(
r2kL

∂TL

∂r

)
. (6)

(1)—(6) ª¥, ρ, D, CP, k, v ©O��Ý (kg/m3)!
*ÑXê (m2/s)!½Ø'9N (J·kg−1·K−1)!9D
�Xê (W·m−1·K−1)!�Ý (m/s); r �O��.�
Ôn�I; Y �|©�þ©ê; eI g, L ©OL«
í�Ú��; eI i L«í�¥�|©, eI gel L
«�%SÜ�vJ�þ©ê.

�
¦)±þ6Ä���§, KI�6|�
Ý!§Ý!|©�þ©ê�>.^�, �%¥%Ú

í��|>.þ����6|ëêFÝ� 0, �v
��%L¡�>.^�KI�âv�í?J3Ø
Ó�ã��uA5?1½Â. e¡©O�Ñ
�%
L¡3�vJ�/¤!)äÚ»�n�ØÓ�ã
�>.^�.

3.2 ���vvvJJJ���///¤¤¤���ããã

v��Ò�%m©É9�u��%L¡�v
J�þ©êÄg�� 95%ù��ã�¡��vJ
�/¤�ã.

�âUþÅð, �%L¡�u6Ç:

GS =

(
kg

∂Tg

∂r

∣∣∣∣
r=RS

− kL
∂TL

∂r

∣∣∣∣
r=RS

)
/HEva,S,

(7)

(7) ª¥, HEva,S ��%L¡í?J|©�uó, RS

�����v��%�».

du�vJ3�%SÜ�*ÑXê�~k�,

b��vJ3�%L¡ δS þÝSþ!©Ù, K�
%L¡���¸¥��vJ�þ©ê:

Ygel,S =
ρgell,0

[
R3

0 − (R0 − δS)3
]
Ygel,0

ρgell,0

[
R3

0 − (R0 − δS)3
]
− 3R2

SGS∆t
,

(8)

(8) ª¥, R0 �v��%Ð©�», ρgell,0, Ygel,0 ©
O�v�í?JÐ©�Ý9�vJÐ©�þ©ê,

∆t �O��mÚ�.

3Ø�Äí�M)�^�e, �â Stefan 6Ä
�nØ, ����%L¡í��¸¥�í?J�í
�þ©ê Yfuel,S 9Ù¦í�|©�þ©ê Yi,S.

Yfuel,S =

(
ρgDfuel

∂Yfuel

∂r

∣∣∣∣
r=RS

)
/(1 − GS), (9)

Yi,S =

(
ρgDi

∂Yi

∂r

∣∣∣∣
r=RS

)
/GS. (10)

b�v�í?J´�n��5M�, K�3,
§Ý Ta ¹ÝXê γa ®��^�e, |^�5M
�¹ÝXê'Xª¦)Ù¦§Ý T éA�¹ÝX
ê γ(T ), ,�¦).¿�½Æ (Raoult) ¤ïá�í
�¥í?J|©©Ø Pfuel �Xí?J|©�Ú�
íØ Psaut �m���5Xª (12), =����%
L¡§Ý TS.

γ(T ) = exp
(

Ta ln γa

T

)
, (11)
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Pfuel = Psaut (TS) γ (TS)

×
(

1 − Ygel,SMWfuel

Ygel,SMWfuel + (1 − Ygel,S) MWgel

)
,

(12)

(12) ª¥, MWfuel, MWgel ©O��%Sí?J|
©Ú�vJ���þ; Psaut (TS) �Xí?J|©
�Ú�íØ��%L¡§Ý�¼ê'Xª; γ (TS)

�¹ÝXê��%L¡§Ý�¼ê'Xª; Pfuel

��â�%L¡í��¸¥�|©�þ©ê?
1O�.

e�vJ�3�%L¡§Ý��£:�Ñ�
�/¤, KAÄk�â©z [17] ¥�£C�u�
. (13) ª9UþÅð'X (7) ªO��%L¡§
Ý, ,�|^ (13) ªO��%L¡�u6Ç.

GS = Je (TS − Tsaut) , (13)

(13) ª¥, Tsaut �í?J|©£:, Je �£C�u
Xê.

�â�%L¡�u6Ç GS 9T��Úþ��
�%²þ�Ý ρavg, ρ0

avg, deª�±�ÑT���
%�»CzÇ

dR/dt =
GS

ρavg
−

RS

(
ρavg − ρ0

avg

)
3∆tρavg

. (14)

3.3 ���vvvJJJ���)))äää���ããã

v��%3�vJ�/¤��¬±Y,§, �
�%SÜ§Ý�L£:�, �%SÜm©Ñy(Ø
£C�u, du¤�)��íØUBß�vJ�,

���%Ñy±Y)äy�. b��vJ�Ð©þ
Ý δX,0 ��%SÜ�vJ�þ©ê�u 95% �!
:�v��%L¡�þÝ, ¿@�T��vJ�N
È3�%)ä�ã�±ØC.

�vJ�/¤�, í?J�íØUBßT�5
v��, K�%L¡�þ6Ç GS �u 0, í��|
©�þ©ê3�%L¡?�FÝ�u 0.

� â v � � % S Ü 1 N � O � ! : � �
» rN , v�í?J�Ý ρN , þ����vJ�
þ©ê Y 0

gel,N , ��ÑTO�!:¤�¹�í?J
�þ mN Ú�vJ�þ mN,gel ©O�

mN =
4π

3
ρN

(
r3
N − r3

N−1

) (
1 − Y 0

gel,N

)
, (15)

mN,gel =
4π

3
ρN

(
r3
N − r3

N−1

)
Y 0

gel,N . (16)

��%SÜ,O�!: N �§Ý�L£:�,

�%SÜâm©�)�í, d��%SÜ�!:£
C�u�þ

mBoil,N = 4πr2
NJe (TN − Tsaut)∆t. (17)

eO�!: N �£C�u�þ mBoil,N �u
T!:¤�¹�í?J�þ mN , KT!:�u
�þ mEva,N �u mN , e����vJ�þ©
ê Ygel,N �u 1. ��, KT!:�u�þ mEva,N

�u mBoil,N , e����vJ�þ©ê

Ygel,N =
mN,gel

(mN,gel+mN − mBoil,N )
. (18)

�¦Ñ�%SÜ�!:�u�þ�, Ø��%
,§¤�Ñ�UþÑ��^u�uù
í?J, �
âe¡UþÅð'X=�¦Ñ�%L¡§Ý

4πR2
S∆t

(
kg

∂Tg

∂r

∣∣∣∣
r=RS

− kL
∂TL

∂r

∣∣∣∣
r=RS

)

=
NL∑
i=1

mEva,NHEva,N , (19)

(19) ª¥, NL ��%SÜ!:êþ, HEva,N �!
: N ?�í?J|©�uó.

�â�%SÜí?J|©o�u�þ, )ä�
��%�»�

RS =

 3
4π

(
NL∑
i=1

mEva,N

)
RfuelTsaut

P
+ R3

S


1
3

,

(20)

(20) ª¥, P ��¸Øå, Rfuel �í?J|©íN
~ê.

dT��v��Ò�%�» RS ÚÐ©v�J
�éA��%�» R0

S, �âÐ©�vJ�NÈ�
±ØC�Ä�b�, ��T���vJ�þÝ.

δX =
(

RS

R0
S

)2

δX,0. (21)

3.4 ���vvvJJJ���»»»������ããã

3v��%L¡Üå�^e, �5�vJ�S
	üý�)
Øå�, �TØå�éT�vJ	�
�\�Aå�uÙ¯ÑAå�Ò@��vJ�u
)»�.

b��%3)äL§¥�±�¥/, �âv�
�%ÜåXê γ 9 Young-Laplace �§, ¥/�%
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L¡Üå3�%L¡?�)�Ø�

∆P =
2γ

RS
. (22)

3O��vJ	�«É�Aå�, @�T	�
�¥/f5	�, KþÝ� δX ��vJ	�«É
�Aå

σ =
R∆P

2δX
=

γ

δX
. (23)

�vJ��¯ÑAå σyield ¬��vJ��
§ÝÚ�vJ¹þu)Cz, Ï~�ÏL¢��
{âUO(ÿþ, �©b�Ù¯ÑAå σyield �±
�~�.

�âv�J�»����%º� RS Ú�%)
ä�ãí?J|©�uoþ MEva, �vJ�»�
���%�»

RS =
(
− 3

4π

MEvaRfuelTsaut

P
+ R3

S

) 1
3

. (24)

��vJ�»��, �â�vJ�þ©ê�
u 95% �!:éA� �­#�#�vJ�Ð©
þÝ δX,0, ¿2gm©?11��ã�u.

4 Ôná59�.ëê

4.1 ÔÔÔnnnááá555

�©ü%�u-�¢�ïÄ¤æ^�g-v
�í?JÌ�¤©� UDMH Ú,kÅp©fá
�, �Ä�p©fá�àÜ§Ý�Ø��5, �T
p©f�vJ�²þ©fþ MWgel �u 300000.

du�%SÜ§Ý3�uL§¥�Cz��'�
k�, Ïdb��vJ�Ý ρgel, '9 ρgel, 9D�
Xê kgel, *ÑXê DL ©O�u~ê 1500 kg/m3,

3500 J/kg, 0.1 W·m−1·k−1, 10−9 m2·s−1. ©z [18]

�[�Ñ
�Ní?J|© UDMH ��Ý!'
9!9D�Xê!�u9�Ônëê�§ÝCz
�¼ê'X. �âþãv�í?J¥�|©�Ôn
á5, �Nv�·ÜÔ�Ôná5æ^�|©�þ
©ê\�²þ�{?1O�. í�·ÜÔ�Ôná
5æ^©z [19] ¤��$Øn�íN�{?1O
�.

4.2 ���...ëëëêêê

�©ïá�v��Ò�%�u�.¥�¹�
�
�.ëê�ÏL¢�Ãã?1��ÿþ, 


,�Ü©ëêKI�âü�%�u-�¢�(J
?1?�. L 1 �Ñ
e¡�ýO�¤À^��
.ëê.

L 1 v��Ò�%�u�.ëê

�.ëê Ygel,0 Ta/K γa Je δyield/Pa

ê� 0.02 288.0 0.904 0.25 1.465×106

5 ê�O��{

5.1 ���IIICCC���

e3Ôn²¡¥��lÑÚO�õ|©�%
�u6Ä���§, I��âí�.¡3z��m
ÚS£��.¡ �­#)¤O���. yæ^e
¡��IC��{, K�rÔn²¡6Ä���§
=��.¡ ��½ØC�O�²¡¥.

ü�IX��m �=�:

ζ = r/R. (25)

ü�IX¥��Ý=�:

w = v − ζṘ. (26)

(25) Ú (26) ª¥, R, Ṙ ©O� t ���%�»9Ù
CzÇ; r, ζ ©O�Ôn²¡ÚO�²¡� ��
I; v, w ©O�Ôn²¡ÚO�²¡��Ý.

5.2 êêê���lllÑÑÑ���{{{

O�²¡¥�õ|©�%�u6Ä���§
þ��­�é6 - *Ñ�§, Ïd, �m�êæ^
�Û���©�ª?1lÑ, é6 - *Ñ�æ^ä
k��°Ý�¦��ª?1lÑ, ��¥%9í�
�|� Neumann >.^�æ^���©�ªlÑ.

éu�%L¡>.^�, æ^���©lÑ�ªé
v��Ò�%ØÓ�ã�u�.¥�¹��m�
ê�?1lÑ, ,�¦)lÑ���ê�§=��
��%L¡ Dirichlet >.^�ê�.

5.3 OOO���666§§§

3���mÚS, Äkdþ����Ð©6|
ëê¦)�lÑ�í�9��6Ä���§, ,�
�â�%L¡�vJ¹þ9�%L¡Aå�äv
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��%¤?��u�ã, ¿æ^�A��.¦)Ú
�#�%L¡>.^�, �X?1e�Ó6Ä��
�§¦)!�uG��ä9>.^��#, ���
%�þ6Ç9L¡§Ý3��ügS�m�Ø�
÷v (27) ªÚ (28) ª�, m©e�#�mÚ�O
�. ��%�»�Ð©�»²�'� (RS/R0)2 <

0.1 �, @��%�u(å.∣∣GS − Glast
S

∣∣/Glast
S < 1.0 × 10−5, (27)∣∣T last

S − TS

∣∣ < 1.0 × 10−3. (28)

6 �ý(J9©Û

e¡�éÐ©�» D0 = 100 µm!Ð©§
Ý T0 = 300 K �v�9~5 UDMH g-í?J
ü�%3�¸§Ý Tamb = 1000 K �p§�í¥
��uL§?1
�ýïÄ9é'©Û, y¢
T
�.U
Ün/£ãv�ü�%�u-�L§¢
�y�.

ã 3 �Ñ
v�ü�%3�vJ�/¤c, �

%�»!�%L¡ UDMH �í�þ©ê!�%L
¡§Ý!�%L¡�þ6Ç9�%L¡�vJ¹
þ��%L¡ëê��m�Cz­�. dã 3(a)—

(d) ��, �%L¡��vJ¹þ3�uÐÏO\
'��ú, � 10 ms ���vJ¹þ��uL§

×�þ,, ¿3 12.06 ms ���/¤�vJ���
.�þ©ê 95%. 3�%L¡�vJ¹þ¯�O\
�ã, AO3�vJ�¯�/¤�ã��~k��
m��S, �%L¡�þ6Ç9L¡ UDMH �þ
©êwÍeü, 
L¡§ÝÚ�%�»KLyÑ

²w�þ,ª³.

�%�u�þ6ÇwÍ~���Ï´�vJ
�u5��u UDMH í?J, 
�%L¡ UDMH

�í�þ©ê×�~�K´Ï��vJ¹þ9¹
ÝXê�ÓK�
�%L¡� UDMH í?JºÝ.

�%L¡§Ý3�vJ�/¤ 0.04 ms �Ò×�
��
 UDMH í?J£: 335.5 K, ¬3�%S
Ü/¤(Ø£C, ¤±�þSÜ�íØUBß�
%L¡��vJ�, ���%�»d�Ñy
w
Í)ä.

0 4 8 12
0

0.4

0.8
D0/ mm

D0/ mm

D0/ mm

D0/ mm

t/ms

Y
g
el
,S

Y
g
el
,S

Y
fu
e
l,
S

Y
g
el
,S

Y
g
el
,S

40

80

120

0 4 8 12
0

0.4

0.8

t/ms

0.2

0.4

0.6

0.8

0 4 8 12
0

0.4

0.8

t/ms

300

320

340

0 4 8 12
0

0.4

0.8

t/ms

0

1.0

2.0

G
s/
k
g
Sm

-
2
Ss
-
1

(a) (b)

(d)(c)

R
s/
m
m

T
s/
K

ã 3 �vJ�/¤c�%L¡ëê��mCz­� (a) �%�»; (b) �%L¡ UDMH �í; (c) �%L¡§Ý; (d) �%�
u�þ6Ç

ã 4 '�
v�9~5ü�%��»Ú§Ý
��mCz. dã 4(a) ��, v�ü�%�)��
m� 20.54 ms, �u~5ü�%�u�.¤I�

m 29.5 ms. �uÐÏ�v��%�»Cz�~5
�%�~��, ��X�vJ��/¤, �%�»
Ñy
�E�O� -  �, �vJ�/¤��Ð©
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�ãÚ�u"Ï��»CzÌ���, 
ù�m�
mã��»CzÌÝ'�ì�, ù�¢�*	�)
ä - »�y�95Æ�~¬Ü.

dã 4(b) ��, ~5ü�%�L¡9¥%§
Ý¬Åìªu­�, 
v��%L¡§Ý¬3�
��p§Ý 337.08 K �Åì�úeü, �©ª
� u UDMH � £ : § Ý ± � ± � % S Ü £ C
�u, ù��¢�¥¤*	����m��-�
�¬Ü.

ã 5 '�
v�9~5ü�%��þ6ÇÚ
L¡ UDMH �þ©ê��mCz. dã 5(a) ��,

v��%3�vJ�/¤c�L¡�þ6Ç�~
5�%�~��, 
3�vJ�/¤�, v��%
�SÜ£C�u�J²wru~5�%�L¡O
­��u�þ6Ç, ù�)º
v��%)��m
�
�u~5�%��Ï.

dã 5(b) ��, ~5�%L¡ UDMH �í�
þ©ê�X�%L¡§Ýªu­�
Ä��±Ø
C, �v��%L¡ UDMH �í�þ©êK¬d
u�vJ���E)ä - »�
Ñy��y�, �
,oNª³´ÅìO��, ����u~5�%�
­��þ©ê.

� � � � � � �� �� �� �� � �� �� 	
 � � 
 � � � � � � � �� � �� � �� � �� � �� � � � � � � � � � 
� � � � � � � 
 � ��� � � 
 �� � � � � �
ã 4 �%�»9§Ý��mCz (a) �%�»; (b) �%L¡9¥%§Ý

� � � � � � ��� � �� � �� � �� � � � � � � � � �� � �� � �� � �� � �	 
 � � 
 
 � � 	 
 � � 
 
 � �� � � � � � � �� ��� � ���� ���� � �  !" #$% & ' % ( '
ã 5 �þ6Ç9L¡�í�þ©ê��mCz (a) �þ6Ç; (b) UDMH �í�þ©ê

7 ( Ø

�©Äk�â,.kÅv� UDMH ü�%
3 NTO �¸¥��ug--�L§�¢�y�,

?�Ú�\©Û
T.v�ü�%�u-�Ån;

,��é¢�y�¥��vJ�/¤!�vJ�
�E)ä - »��ã��uA5, ïá
v�ü�
%õ|©�u�., ÏL�ýO�9�~5í?J

�uL§�ý(J?1é'©Û, �Ñ
e¡Ì�
(Ø.

1) �%L¡�vJ¹þ3�uÐÏCz'�
�ú, ��L,�.���, �vJ¹þ¬×�þ
,, =�%L¡��vJ�¬3,�.���4á
�mS×�/¤.

2) �vJ�¯�/¤��m��S, v��%
L¡�þ6Ç9L¡ UDMH �þ©êÑy
ì�
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eü, 
L¡§ÝK×�þ,� UDMH £:, d�
%SÜ(Ø£C�)��ír¦�%º�Ñy

²w)ä.

3) v��%�»9L¡ UDMH �þ©ê3�
vJ�/¤���E)ä - »��ãÑy
��.

4) ~5í?J�%L¡9¥%§Ý!UDMH

�þ©êÑÅìªu­�, ?\O­��u�ã;


v��%L¡§Ý3×�þ,��L£:�Ò
¬�±3Ñpu£:�,§Ý��S, Ù�%¥%
K��?u�­�\9.

5) �vJ�/¤�, v��%SÜ�(Ø£C
�u²wru~5�%O­�L¡�u6Ç, ¦�
v��%)��m�u~5�%.

Tv��Ò�%�u�.Ün/£ã
¢�
¥��u-��ã�¢�y�. e��ãòÏL¢
�ÿþ�Ãã¼�Ôná5ëê!?��.ëê,

¿?�Ú36Ä���§¥\\g-í?Jõ|
©í�zÆ�AÄåÆ
� [20], �¤T.kÅv
�g-ü�%�­��ug--�ê��ý.
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Abstract

Gel propellant has the advantage of controllable flux as liquid propellant and long-term reservation as solid propellant, however,

the evaporation and combustion problem of gel spray droplet bores with the gel propellant development and combustor design all

the time, and hampers gel propellant practical engineering applications. In this paper, the gel single droplet combustion experiment

system is designed and constructed, and then the evaporation and combustion mechanism is explored deeply based on the experimental

phenomena of organic gel unsymmetrical dimethylhydrazine (UDMH) single droplet burning in nitrogen tetroxide. The organic gel

spray droplet multi-component evaporation model is developed for three different evaporation phases of the gel layer, i.e. the forming,

expanding and bursting of the gel layer based on the single droplet evaporation characteristics in experiment, and then the gel single

droplet vaporization in high temperature gas phase is numerically simulated and compared with the result of conventional liquid droplet

using the elementary model parameters and physic property parameters. The result shows that the gel content on the droplet surface

increases slowly at the beginning of evaporation, however it would increase rapidly to a mass fraction of 95% and form the gel layer

in a limited time after exceeding a critical evaporation time, which results in surface mass flux dropping to 0 and surface temperature

reaching the UDMH boil point rapidly. After the gel layer forming, the droplet radius and surface UDMH vapor mass fraction exhibit

oscillation as the swelling-bursting phenomena in experiment. The gel droplet surface temperature holds above the boil point and the

mass flux of gel droplet inner boiling evaporation is stronger than the conventional liquid droplet surface steady evaporation which

makes the life time of gel droplet much shorter.

Keywords: gel propellant, spray droplet, gel layer, evaporation model
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