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 !"#$  

 !"# $%!&'( )*+ ,- .-/0 .123.4567  8 )*59 3 :,;<=3+ >/*-59 ?2@A+ ./B8 .  .-/C0 D!E'( .+58 .45C67     /CF GC* $)*5C9

 4 =H2*  B3;( I;J3  0;K@L M4, N23+58 .5(;!OL2F P2CKQ+ .+58 R#58 P2KQ+ M4, 1+ S+;T =U- P-58 V28 .+58   >/CA5!958,- .2CW

/# >-2XY3+ 15L .)*59 28 5ZA -,;L /F =U- '< $/[Y6W RE!E'( D\ .+,+-  F R*2W       R*V2C8 =CU- 1+ /CF  CF /C# >/W2C]L 4 .,+^9

=3+ ,+-,;_58 . D!E'( 1+ D<2\ `*2YA aO3.4567  b+,+ ?;35L )*59 Dc# /[d .+58 /# .   e!C7 .+5C8 )!C[fKW   P4,- ,2C]H RC[!8

 8 RE_+- G!Y6Q28 /F G* ,;(;L  DC!E'( /F 28 4  Y#;A ./B85X< :,;< .45C67    /C# GC[!Q )*5C9 .       CA;KA 2C8 /CF 1+ DC<2\ `*2CYA

8 R*V28 =U- 4  6*2&L RW2g]*2L1h /Lh =3-.  

  

 %&'()* *!"+,: -"./ 0*1!2 *3(4'567* 8'9 0:;<4 -2;=>? 8'9 0@A5B 0C+D&1 E"F6G(H 0C/5H I(=G&. 

  

1- -?!J?  

Rc*1ijL 1+=K6U )*5( D!cC]( .2W     =_;C3 GC#;L ,;C(;L >/C[W-

 $/L2T)*59 P2KW 2* P+5]!74
 =3+ ,;(;L .85 N23+,;LkL C*=   .1+45C7

58 =3+5( ,+-;KA 4 G#;L     RC\+5l GC#;L )*5C9 DcC# $P2L1 m6\

RL-;# .+582[8*) )!Kn( $)*59 m32[L Dc# -5cEK0 >/[[F'<!o  5C( 

 4 =3+ G#;L Ep6L +. I5l Ph  L+-+ ,-  F RL D!E'( q-;#.4567 

=3+ G#;L ,;(;L -5cEK0 P2L1 Rl ,- )*59 .  DC\  EpC6L  .45C67 

    =C3+ r5C'YL 15CL RC3,58 /[L12!A $)*59 M1;3 1+ D<2\ .  DC!E'(

.4567  ,- /L2T P+5]!7 )*59  3/[W ,- 5!!s( P-5F tu]L $)*59

                                                      
1- /#,+ N2[#,2F  

2- ,2*-2Y3+  

3- ,2!]A+-  

4-Grain 

=3+ ,;(;L -5cEK0 P2L1 Rl .    C3/[W $P+5C]!7 oJ3 )Y_;3 5v+ ,-

RL 5!!s( )*59 3/[W ,- 5!!s( 4 /[F  oJC3 5!!s( $ M1;C352
 +,  C8-

w2"A- -,+- . $-,+- =!KW+  Z'Q 5W ,- M1;3 oJ3 )YH2* =E0 )*+  8

 >29,^9 oJ3 4 M1;3 oJ3 :+5!!s( )Y#+- 28  FP2*5T63
 ?29 5W ,-

RL $D\ RA2L1=H2* +, G#;L ,;(;L P4,- ,2]H P+;( . D!E'( .45C67 

E'( G* x2H5< )*59=3+ .-/0 4 R(2!y2*, D! .:20zl+ 8  >/Lh =3-

 D!E'( 1+4567.    >-2XYC3+ -,;CL ,;C(;L RE_+- G!Y6Q28 D!E'( .+58 $

RL ,+5U-5!9 .  

M4, D!E'( .2W.4567 M4, REF  Y3- 4-  8 )*59   4 RCE!E'( .2CW

M4,RL i!6&( .-/0 .2W /A;#]241 .[  .2CW5YL+,27 RE!E'( M4, ,-
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5- Burning Surface 

6- Port Area  
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 RCCL  CC3/[W 5CC8 %CC"J[L $M1;CC3 ?2CC9 5CCW .+5CC8 .-2CCB8+/A;CC# . 1+    

{45BLM4, 1+  F R*2W/F )*5(  RCL >-2XYC3+ RE!E'( .2W  /CF $/C[[F 

SPP1
  =3+ >-5F +/!7  B3;( 2c*5L+ ,-  F =3+ ]3 .[M4, .-/0 .2W

 D!E'( .+584567. $x2L;K0     +, /CL2T P+5C]!7 4 12C9 )!8 r5'YL 15L

RL ,+5U R3,58 -,;L/[W- .M4,  15CL R3,58 .+58 |EYuL .-/0 .2W

  Y3- 4-  8 r5'YLM4,15L .5!g!7 .2W2
 M4, 4 15CL 5!u6( .2W3

 

RL i!6&(/A;# ]1 .[ijL 1+ Rc*M4, )*5(    M4, $15CL 5!uC6( .2CW

I;J3  0;K@L4 =3+.  

 w23 ,-1989:;Y[*23 $ 
      .+5C8 +, .5(;!OL2CF /CF GC* eA+,2CcKW 4

 D!E'( .4567 8 )*59 ./B84-       Cb+,+ $M1;C3 }5CA 1+ RB82C( :,;C<

/A-+- .:,;< )*+  8 ,2F M4,     ,- +, )*5C9  C!Q4+  C3/[W +/Y8+  F -;8

?5A G*w/L ,+~H+ 123.1+ >-2XY3+ 28 aO3 4 >-;KA w/L $   RC�E�L eL

 c"# +, Ph oJ3     :V-2CBL DC\ 2C8 DC\ ?29 5W .+58 4 /A-;KA ./[8

P;YE!KW-    $DC\ ?2C9 5CW ,- R8;F+�  .45C67    4 >/C#  "C32'L )*5C9

RL �+5uY3+ M1;3 oJ3 =\26L-;# ]4.[  

 w23 ,-1994 $WD@ 
  RU2C"JA+  c"C# M4, 1+ >-2XY3+ 28 M,2cKW 45

 $

 D!E'( .4567    )*5C9 .,;C'L P,2C&YL 4 ./B84-  3/[W G* .4, +,

/A-+- ?2@A+ .ijL 8 =Q;j3 $M4, )*+ R9�*4 )*5(  9,2CF!5.   =C!E82U 4

KB(!=3+ 5!sYL M1;3 =053 =Q2\ ,- P-+- i . .2J_  Q2&L )*+ ,-

M4, 5*23 .2J_ 28 M4, )*+*2&L 2W      2C8  CF /C# tuC]L 4 /C#  6

 YH2* eW2F M1;3 oJ3  "32'L ,- 2J_ $M4, )*+ 1+ >-2XY3+ =3+ 

]5 .[  

 w23 ,-1997;[!Q232F $ 
  c"# G* 1+ >-2XY3+ 28 eA+,2cKW 4  J&A .+

   DC!E'( $P+5C]!7 )*59 .4, =82v .45C67     1+ >-2XYC3+ 2C8 +, ./CB84-

129 15L .5!g!7- /A-+- ?2@A+ $,;(;L D_+- ,- /L2T.   =C!E82U M4, )*+

 c"CC# 1+ >-2XYCC3+ 4  YCC#+- +, RCC"JU 4 RE!JYCC6L .2CCW �!CCW  CCA;9

RKA -2@*+ )*59  3/[W .4, +, RY*-4/'L/[F ]6   .[  

 w23 ,-20045F2( $ 
 4E'( eA+,2cKW! D.4567  1+ >-2XY3+ 28 +, )*59

�*53 .45]!7 M4,6
     w2CA;c*+ :V-2CBL 4 /CA-+- ?2C@A+7

   GC* .4, +,

 3  c"#28 ./B8 eLRjT4,2jd .2W8
   :2"C32'L `*2YA 4 /A-5F D\

=6( 5*-2&L 28 +, -;_/A-;KA R@[3,2"Y0+ REK0 .2W ]7.[  

  w23 ,-2007aF2cE*4 $    EC<2H �82( M4, 1+ >-2XY3+ 28 eA+,2cKW 4

DU+/\9
  !"# .123 .4567 /CA-+- ?2@A+ +, )*59 M1;3 oJ3 .  `*2CYA

L1 4 RH2F =U- .+,+- M4, )*+  F -+- P2]A  w;C"U D82U :2"32'L P2

/[Y6W RBU+4 ,;(;L >1+/A+ ,- ]8.[  

                                                      
1-Solid Propellant Rocket Motor Performance 

2-Interface Tracking 

3-Interface Capturing 

4-Level Set 

5-Adaptive Gride 

6-Fast Marching  

7-Eikonal 

8-Tetrahedral 

9- Minimum Distance Function  

  w2C3 ,-2008 ;!C6Q;c3;7 $     1+ >-2XYC3+ 2C8 M,2CcKW 4 w/CL  12C3. 

  DC!E'( $/L2T P+5]!7 RK@\ .45C67     GC#;L ,;C(;L )*5C9 .4, +,

/A-+- ?2@A+ /L2T P+5]!7 .Ah2j  D!E'( -;_  Q2&L ,-.4567  8  :,;C<

?5A 28 ./B84-?2@A+ /F;(+ ,+~H+    .2CW5YL+,27 $DC\ ?29 5W .+58 4 /A-+-

 +, )*59 /*/T  3/[W 4 %"J[L )*59  3/[W 58 5ZA -,;Lw/L 123. 

/A-5F . 3/[W )*+ D!E'( 28 4 M1;3 oJ3 :+5!!s( $2W,-YA! ,2]H  @

8 ,;(;L /Lh =3- . ,2F `*2YAAh2j 28  6*2&L ,- =6(  $,;C(;L REK0 .2W

-;8 ,+-,;_58 R8;_ =U- 1+ ]9.[  

 ,- w232011R[!Q+42F $ 
  8 .-/0 /F G* eA+,2cKW 4 ?2A"  RCT ,h-

 .+RT10" 85  P-5CF G[!Q 28 4 /A-+-  b+,+ I;J3  0;K@L M4, N23+

    DC_+- P2C*5T DC!E'(  8 $,;(;L RE_+- G!Y6Q28 D!E'( /F 28 /F )*+

  $RW2gCC]*2L1h `*2CCYA 2CC8 -;CC_ `*2CCYA  CC6*2&L 2CC8 4 /CC[Y_+-57 ,;CC(;L

S+;T 2WR* V28 =U- 28  +, 8=3- /A-,4h ]10.[  

   DC!E'( .4, 5C8 >/# ?2@A+ .2W,2F 5Y]!8 $>/#5F� mQ2JL  8  T;( 28

.4567  8 $)*59  =C3+ ./CB84- :,;< .    .2CW,2F =C!BL2T RCH5l 1+

RKA 5F� xV;KBL $P2&&'L �3;(  YH59 :,;<-;# . +582C[8*)   1+ {/CW

      DC!E'( .+5C8 �L2CT .5(;!OL2CF /CF G* /!Q;( $%!&'( )*+ .45C67   

)*59   =CQ2\ ,- |CEYuL .2W  C3  /CB8.  =C3+ .  .-/C0 M4,  C8 ,2CF    

 YH59   =C3+ I;JC3  C0;K@L M4, $>/# .   .-/C0 M4, )C*+  C8 ,;Cl 

      C8 |CEYuL Db2C6L .-/C0 DC!E'( .+58 P2&&'L �3;( >-5Y69  ,2CF

 YH59   >/C# )!KCn( |EYuL REK0 Db26L ,- M4, )*+ R*2A+;( 4 >/#

=3+ ]11 .[ 8 .,4h;A+ ,-  YH, ,2F   P2CKQ+ M4, 1+ >-2XYC3+ $%!&'( )*

R#5811
      4 M1;C3 oJC3 =\2C6L  "C32'L ,- +, R*V28 =U-  F -;8

-,4h P2sL,+  8 $P2*5T >29,^9 oJ3.  

2- K,(L MN1(O? ' *9;PQ  

 !"# %!&'( )*+ ,- 12C3.   .45C67      C3 ,- GC#;L ,;C(;L ,- )*5C9

L ?2@A+  E\5LRE_+- i@\ +/Y8+  F :,;< )*+  8 q-;#R   )*5C9  !Q4+

))*59  !Q4+ :,;7 (?5A G* �!'L ,-   GC* 4 i!C35( $ c"# /!Q;( ,+~H+

  c"#8RP2L123 L -2@*+ i@\ )*+ ,-R     c"C# :2C0zl+ aOC3 $-;#

>59 w2�(+ >;'A 4  c"# �2&A :2�YuL DL2#  F >/# /!Q;(  C8 2W  iCW

+58. P2KQ+ =_232W.    YC#;A  CL2A58 D_+-  8 $=3+ ,42@L  -,+4 >/C#

LR-;# .+58 /B8  E\5L ,-.         c"C# GC*  EC<2H DU+/C\ �82C( )YH2C*

 c"#  3/[W ,4-  8 )*~(,2F/[8.  :20zl+ 1+ >-2XY3+ 28 4 -2@*+ >/#

W  E<2H $ !Q4+  c"# 5  c"# �2&A ?2K( 28  *;A2v )*~(,2F  c"# 1+  J&A

                                                      
10-Greg: Grain Regression Model 
11- Cut Cell Method 
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3,58  !"#$%  #&' ()* +  ,-./ 0  ,-./ 1+.) 2$345)  ($(+6    7839: ;(9<

 (=>:  ?/(< (=>87  *3>.@  ABC 87%     .9+ D39E  9,F(: 87 GH9E I73C

(!J!K LM3NE  53OP: Q#8 R$ ;7.S?E$6 2.:R 87 R(:.T6  D.P>$ (J*7

:% UE$ V8.B5 R(: # 73CWNE R$%     X.Y?9C$ Z(9Y: 87  9' 0*(< R$

78$7 8$([. 

2-1-  !"# $%!&'( )*+  

    1+.9) 6$8$7 \9>8$7 8$(9[ R(: 6#8  ' %].^>  53OP: LQ#8 0*$ _+.N:

  N+$8 87  ,`a: 0*$  ' \4?aT (S-  ,-./ )1 (UE$ ;\C ;7$7 2.b> .

$(+.4+* +  ,`a: 0 (*R V83-X3:(/%: 6\4+73C:  

 )1(     ( ( ), ) 0x t t !  

 c3/  N+$8 87 L #  ,-./ 1+.) x(t)     9=W" 87 $8 R(9: U!Y[3:t  2.9b> L

:%\T7 .;(!P>R _?b: ;\5.[ R$ ;7.S?E$ .+6$:  

 )2(( ( ), ). ( ) 0x t t x tt   "#$ !  

F   9+ # 2d (+ 73O5 Uef 87 R(: U'(F U5(E    U9E$ 2#(9!+ UO9E

#( ).x t n F" !  #/n   ! $ $ $(+.994+*   R(99:  Y99E3)  99"7.Y: 0        

 +  N+$8 V83-)3 ( +%: UE7\*d: 

)3(      0t F   # $ !  ,  : !"#$ g(C ( , 0)x t !  

(Ch$ iE3)  ' UE$ M3NE  53OP:  "7.Y: c3/  N+$81
 2.!?E #2

   j$8$

UE$ ;\C  j$8$ .  "7.Y:)3 (2.b> $8 M3NE  53OP: 1+.) %>.:R  YE3)  

%: I\T7 + >3< $6    L Y9E3) X.9F 87 1+.) 0*$ (S- M3NE  53OP:  '

%: klb: LQ(?a< X.F 87 R(: .+  b!OT73C . D3,Y: U5(E 1+.) .+

F  ,`a: mF 2.!?E L)3 ( + $8 V83-  N+$8)4 ( 7$7  j$8$]11[:  

)4(    1
, , , ,, , , ,

(max( ,0) min( ,0) )
n n

i j k i j ki j k i j k
t F F  # # %! % & #$ $  

 N+$8 87 )4(L    # UE$  ,-./ 1+.)F   ' UE$ R(: U'(F U5(E n!>

$(+6 E8(+ 783:  ,`a:%: 0*(< QR3E U5(E 2.OT L% # \C.+
#$#%$ +%: o*(Y) (*R V83-\>3C: 

# !$ [
2 2

, , , ,, , , ,
max min( ,0) ( ,0)

n nx x
i j k i j ki j k i j kD D  % ## # 

2 2

, , , ,, , , ,
max min( ,0) ( ,0)

n ny y
i j k i j ki j k i j kD D  % ## # )5(                     

2 2

, , , ,, , , ,
max min( ,0) ( ,0)

n nz z
i j k i j ki j k i j kD D  % ## ]0.5 

#  

% !$ [
2 2

, , , ,, , , ,
max min( ,0) ( ,0)

n nx x
i j k i j ki j k i j kD D  # %# #  

2 2

, , , ,, , , ,
max min( ,0) ( ,0)

n ny y
i j k i j ki j k i j kD D  # %# # )6(                 

2 2

, , , ,, , , ,
max min( ,0) ( ,0)

n nz z
i j k i j ki j k i j kD D  # %# ]0.5 

                                                      
1- Osher 

2- Sethian 

 N+$8 87 6.T)6#5( LD+  #D-  +   6$(9+ $8 #(9aK # #(b!K _?b: p!)()

U!O'      %9: 2.9b>  9]3+(: V.9ef 87 # o9,?l: 6.9T  # \9T7i Lj   #k 

G*\>$ 0!4qOT I\4?aT 0*n)8.'  ABC 6.T    U9W)  9'   1+.9) 2$3945

%: ;\!:.> M3NE  53OP: 1+.) .*  ,-./ + L73C    ,9-./ m[$\9F V83-

%: o*(Y) LR(: R$  *3>.@ 0*n)8.'  ABC g.^>73C . 

 ?/(< 8$([ R(: 2#87  '  ABC R$ %].^>   L%9S4:  ,9-./ 1+.) 6$8$7 L\>$

    8$(9[ R(9: R$ 2#(9!+  ' %].^> # (S-  ,-./ 1+.) 6$8$7 R(: 6#8 g.^>

$7 \>8$7\4?aT UBr:  ,-./ 1+.) 6$8.  

    (9+ ;#s95 L2.9*(f ;.<8t< uNE 0!4qOT # QR3E uNE 0?/.* 6$(+

    87  9' 6R(9: uN9E  BE.W: 6$(+ %C#8 \*.+ LQR3E uNE 6(!J!K

2.O"$ mv$7 + L ?/(<8$([ 0*n)8.'  ABC %BYA: 6.TU/(< 8.' . %C#8

.O"$ Q(+ Q#8 I\C ;7.S?E$ _!^W) 0*$ 87  ' 2    w9l+ 87  9' U9E$

%: ;7$7 u!x3) \Y+73C .      y*.9?>  9' \9C z95.+ Q#8 09*$ R$ ;7.S?E$

 m!,W)6#(aK \C.+ 8$783v(+ %*{.+ U[7 R$.  

2-2 - $# ,-./ +0 1.&-2 )34 )*+5674  

%: (!la) R(: LM3NE  53OP: Q#8 87  ' %*.P>d R$ R(: %4Y* I73C

 UE$  ?/(< 8$([ 0*n)8.'  ABC |* mv$7 87) R$ 83=4: .P4*$ 87  LR(9:

,v$7 uNE% UE$ 0*(<  !"#$ ( 2.9O"$ LR(: %?[#   19N[ $8  AB9C 6.9T 

%: 87 R(: iE3) 2.O"$ Q(+ (@$ 87 L\4' \9Y+  E   9+ %F3N9E L  739f#

%:   9C3< 87  ,9-./ 1+.) U:s5 # \*d  7 87 L2.9O"$ 6.9T #   R(9: }(9]

 UE$ V#.S?:)%: Q(+ 2.O"$  f# |* LR(: %?[# $(*R  }(9] |* I\T7

 mv$7 L2.O"$  f#   %9: 8$(9[ R(9: ~8.v L(J*7  f# # R(: 7(9!< .( 6$(9+   

 + ;7.S?E$  + (*n<.> LR(: iE3) L2.O"$ ;783v Q(+ uNE 278#d UE7

&!?aT %).!x(/ R$ :  

1- %: 1N[ wT3f# 87 $8 2.O"$ (T LR(:\4'.  

2-  + 2.O"$ # R(: �(?b: m�/   %9: Z(9/ }.9- M3NE V83-  739C

)\4?a!> %4W4:.(  

3- 87 $8 2.O"$ R(:   %9: 19N[  f# 8.e�          2.9O"$  9' %*.9P>d R$ # \94'

 + 7 L2.9O"$ # R(: �(?b: m�/ IUE$ m!N?a: pYA: V83- #  z9,r:

&j.[ + ;\!Ba�  *#$n"$UE$ &T . 

    9+ %9S,?l: V{.9F LR(: iE3) 2.O"$ Q(+ (@$ 87 Q#8 0*$ 87  739f#

%:\*d .    %9: ;\9C (9'� V.!9x(/ 87  ' $8 %){.F   9+ $8 \9P4<    2$3945

CmA        ;7.9e> 2d 6#8 (9B?Y: U9".F D.9>  9?/(< (=>87 X3B[ m+.[ 6.T

%: �3OP: 87 # 73C15  0AO: U".F +73f# %:\*d .  mA9C)1 (   |9*

%: 2.b> $8 R(: iE3) ;783v Q(+ 2.O"$\T7 .  

 mAC 87)1 (  �39j8  9+ %BYA: 2.O"$1 L2 L3 L4 L5 L6 L7  #8   i9E3)

 R(:ABCDUE$ ;783v Q(+ L .2.O"$ 0*$ 87  ;(9< 87 U:s5 (!!�)  .9T

UE$ V83- 0*$  +:  

)7(     1 2
0,  '

1 3
0,  '

7 6
0,  '

7 8
0  '  
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         89:1- 2.O"$  %BYA:Q(+ ;783v R(: iE3).  

  
          89:2- m�/ �(?b: R(: # 2.O"$ %BYA:.  

2.OT 83]   '�sB[    $8 2.9O"$ # R(9: �(?b: m�/ L\C ('� V.!x(/ 87

 +&!?/(< (=>87 uNE |* V83- . ;3f# (=> 783: uNE  ' %*.P>d R$

 1N[ $8 2.O"$UE$ ;7('&j.[ z,r: #7 R$ L�(?b: m�/ L m!Ab)  *#$n"$

 UE$ ;\C)  mA9C2 .(  19Of m9-.F   uN9E #7 S1# S2 87   mA9C)2( L
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0-D Ballistic with Analytical Burnback

0-D Ballistic with Numerical Burnback
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