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ABSTRACT

The grain burn-back analysis has been performed for the internal ballistics analysis code to be used
for the optimal design of the space launch vehicles. The grain burn-back has been used to calculate
the burning surface that is essential to the internal ballistics. The calculation of internal ballistics code
used in the optimal design is repeated until satisfying the required performance through the change of
the design parameter. Therefore, the burn-back method applied to the internal ballistics analysis should
be easy to change the design parameter and calculation time should be short. In this study, a
burn-back analysis code has been developed using the analysis method. Also, geometric parameters of
the grain have been selected and organized. The developed code has been verified by comparison of
results of a numerical method.
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Fig. 1 Port area and perimeter.

Table 1. Explanation of variables (refer to the figure 3, 4, 5).

N Number of Slot/Star/Spoke

RO Radius of motor case

Ri Radius of internal circle

Rp Port radius, Rp = RO - w - f

w Web thickness

f Fillet radius

e Angular coefficient

©/2 Valley angle

rayside | Spoke length
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Fig. 3 Slot grain.

Table 3. Cases of slot shape.

Fig. 2 Tube grain. Case | w>0 (S1>0) w=0
1 S1=0, S2>0, S3>0
, , 2 $2>0, $3>0 S2=0, S1>0, S3>0
Table 2. Variables of tube grain shape.
3 S3=0, S1>0, S2>0
Tube 1 Tube 2 Tube 3 4 S2=0, S3>0 S1>0, S3>0
RO RO RO 5 S3=0, S2>0 S1>0, S2>0
wl wl w1=0 S2=0 = S3=0
6 S1>0
w2 w2=0 w2 S3=0 = S2=0
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Fig. 4 Star grain.

Table 4. Cases of star shape.

Fig. 5 Wagon wheels grain.

Table 5. Cases of wagon wheels shape.

Case | w>0 (51>0, 52>0) w=0 (51=0) Case | w>0 (51>0, 52>0) | w=0 (51=0, 52>0)
1 S3=0, S2>0 = = -
S350 1 54=0 (53=0)
2 52=0, S3>0 2 S3=0, 54>0 54>0
3 53=0 52>0 3 S3=0 = 54=0 -
4 54=0 (53=0)
S3>0, 54>0 —
23 Star > $3=0, 54>0
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Fig. 6 Comparison result for tube 2.

800 -

\

Analytical Method
= = = = Numerical Method

-]

=1

=]
T

Perimeter {mm)
]
S
T

N=6&

RO =100 mm
Ri= 30 mm
w=20mm
f=5mm

N
S
=]

T

H.‘lw“lww.‘””
0 10 30 40 50
Bumlng Thickness (mm)

Fig. 7 Comparison result for slot.

32 Slot ¥/

HlaLo] ARg-E Slot #42 w=0°] H7] #,
S3o] 7hd WA 0]
Perimeter’} =7}tz 73438t SAS HQ
o,

Slot B4-e LA A Al slshety w
F7F AHE&EHAR,  Analytical ~ Method ¢}
Numerical Method®] Perimeter 3t x}o|7} =
A AT HA Burning Thickness®] 80%
Heloll A Fo] wAsta, ywA] HefdlM=
Sliver7} AL &kl W, 2 T4 W
oA exb= 10~14%°1H, Sliver’t A 7]=
felAdel ea= o Frtekit ol dAa 1153
HAo A HAStE A WAFe THAL <
3] Numerical Method®] FX %<l 27} = A
Ayl Zo 2 oddn. A 14 F3
718 A dAolA M & TS mA=

F

600
£
Euo
P
[
2
Q
E Analytical Method
[ = = = = Numerical Method
o
200 | N=T
RO =100 mm
Ri= 25 mm (theta/2 = 30.04 degree)
w=35mm
[ | f=5mm
epsilon = 0.7
\]
ol o 0 11 Yo
0 . 20] 30 10
Burning Thickness (mm)
Fig. 8 Comparison result for star.
800 |= g = Analytical Method
= = = = Numerical Method
=600 -
£
£
P
2
o
£400
T
3
o
200 |-
| | epsilon=06
theta/2 = 45 degree
]

10 20 30
Burning Thickness (mm)

Fig. 9 Comparison result for wagon wheels.



187 HN3& 2014. 6.

o
kl
2
I
™
=
W]
&
ro
1o
w
c

a1

il

o
[}

Q

Q
re
4
'
o

z27] A4 W3 9 Phase W37t A=
= BAHeE Ao AT FAE F U

33 Star

Hlwe] AFEHE Star ¥4 w=0°] H7| A,
S3ol 7 WA 0°] He
Perimeter’} ZF4&stth7 718l A4S ®HQ
t}. Star FAS Phased W37} Hln
AT, 9 4
) 4%9] 2217} LAY EH, Sliver7t 7= W9
XY ext= HS FrhstATh

34 Wagon Wheels 373

vl AF8-E Wagon Wheels 8742
F7] A, S33} S47}F 00] H+= Case 1 o=,
Perimeter?] ZFol A<l 9Ad F7ro] & W
2 Fo Fadte FFE Holn, o|Z2RYH FH
el o]F FYo] g AL AT+ Ak

Wagon Wheels 3742 A&=+= 78184 d
T AMFrr Bon, ¥4 Wsle vwAd Hget
7] W&o o M)A Analytical Method®}t
Numerical Method®] Perimeter #t%] =}o]7} &
Astdck F9 24 H1e A Uy $9F 4
& F7rl A Numerical Method®] 7%~ Spoke
o AteA FAH A7t ZA HA e}
o Hd 10%9] 27F @A ska, SliverZt A7)
= WHANAY eae o Frretdoh SkARE
Slot ¥ wR7EARE 1A FIA7H s

Aol AgHow FHe MAE 27 Aa

2

780

Analytical Method

= = = = Numerical Method

-

3

o
T

Perimet\&lal (mm)
N
=]

-
)
o

1 L 1 1 J
760 05 1 15
Burning Thickness (mm)

Fi

0. 10 Initial perimeter change of slot.

35 a2} g

Z} &2oll thdl Burning Thicknessoll tf gt
Perimeter Hl2WE 33t A3, F FHo] Ay
ste 73 2 39 FiEo] thafA = Analytical
Method % Numerical Method9] 314 A7}
BRHog XS FAsATt. AT Tube
2 F4& AQstae %7] A4 Al Numerical
Method9] 237} Y& PerimeterE Ho|H A4
TR0 2 ZA4E  Analytical Method®] Ao

H]38)] Perimeter’} Z7}sle FEZQ AL H
AL g o] e &bl HAJE Qs
71 93l Slot 879 e ez F71A

TE FhsAch

Fig. 102 Slot 372l %7] Perimeter ¥ 3-&
HojgEo T™-oA A F dxo] dhz7]
o] Numerical MethodE ©]&3lo A4ksH
Perimeterd] 7%, A&7t HYH o} kol
7AaEs A # Yo s
AP %] Slot FF AL A 7)==
Perimeter’} Z7}ste= d2deolt. wetA o]=
Numerical Method®lA &A3l= Numerical
Errorell &3t extgtal #ATete o]& 1187
Azt AFE FPsHAT

Fig. 11& Slot &7l gk 2 #HHE e
A 23 o]H, Burn-backe 2 Ql EHOA 437
g Wgoz zPHEnt. wekA Fig 113 2o

100

50 [~

Y-axis
o
T

100

0
X-axis

Fig. 11 Normal vector of slot.



46

e
rg

x| iy

. oME -

CHY S FE S AR

Port Area® Z#7l A= FEFY B,
Burn-back®] e w} ALHZ o] HAHA =
WAysk A H, o= Star B
Wheels @M T FE55= FEo|th

B Aol A vlne] AlE-E Level Set
Methode 2xH9l @He] =9t F3A| J4
9] Mesh 2 ©]&3}a] Zero Level Set = A
Absta, olE B3 WAHEAS st WRelth

upebA] Fig. 113} o] X8 w3Fo] HAAA =

3ol

Wagon

= 4%, T8 29E= £ % Mesh FHo| gltd
W Zero Level Set #H< o]kl sl=dl 39

Numerical Error7} &A3stH, o|2 <13 &4 W
st} AHE AN ez AL T oAy #33

ANME a7t LA s A Hrt

T3 ojitste] Abgre] wWERA X Numerical
Error7} AT & vk & A7oM= 139
oiks} a7t HEEo] Ayl WA JheA
o] =Zw, o] wWE Numerical Errore= & &3t
2o 7R AL F US AoE #@dd
}.

Fig. 12+= Numerical Method& A}&-3} 3l 4]
3 Slot 4 #09 Burn-back 4o =,
Burn-back Z&o] HAA= FE& ot 19
o|t}. Fig. 11914 AT & U=zl ) w3F
o] HAA= Ak Z7)(t=0.06s)0]
Burn-back®] 2o 2 Pz ow, A[7to]

A F(=06s)E FAYFOE AYPL &

HH o
T T

A& 4 Ut} olZ <ls) Fig. 109] Ao} o]
Numerical MethodE AFEIS Al *%7]
157
10;
of| T R
g
§ of
>

-25 -20

X-axis

Fig. 12 Burn—back of slot.

Perimeter’} Z43stE A7E ®olgy AYdF
o,

oj9} o] AA FEoA A Errorol 93
%7] Perimeter’} 7+AstFom o]z 23] A=A
Input Rt A&7t AAHJD
Method®] ZAz}e] H3] Z7]dl=
£ Holtprt A4 FHto|& %2 Perimeterg H

Analytical

O Perimeter

wew, Aa Adel  os  Aa ARt
Analytical Methoddll Hl3l S 7}3l %t

ole} Ze Q9= Slot FAFEWTE olyzt
Burn-backe] aHHEA FntgFo] FHE=

A4S 7Hx Q) Fded 35E e, o
AL A AFTHNE FHE FEoA LAt
+ Numerical Errorg}il SHdE T},

2 A9 EZL& Analytical MethodE # 3
371 Hell Hgo] 753 Burn-back 314 Z==

F

AstEs] 2™, Numerical Errord] 23 2
e AQstd 7] A SNz = A=
AHE BYoz B9 HFHL @At Aoz

Bk,

Numerical Error2} ¥

¢

[
(.
x
M
flo
Xy
i
re
-

£ 53 nag Aol
4.2 E
Analytical ~MethodE 283} o<

Burn-back X Z=2 st ¥ A9 %
71 B4E dEAQ MY FFeFE FESA,
Zk el s s Z=E pEstden, 71 A
e M=o BluE FastAth

Zy 3Adel  dislAl  Analytical Method %}
Numerical MethodZ%-H At&9 e #H3 <&
e A AT, FFAHA g2 Zolrt 3
Atk SHARE Bl d Gk FAdolAY 48
< 71884 W vt AeFE T ol
A AAEEE @Y Zolrt AT T ®
g HAAHoR AL TR UL oA Analytical
Method 2.t} Numerical Method®] 3Zko] #A|aL
ole] we} A7} FUFEAINE, A4V FREE
AlF oA SliverZt A 715 WHelolH, 1A F317]



187 HN3& 2014. 6.

Analytical MethodE 0

et A FZAN a7 ele] Burn-back HT 47

2 JFE A FY 24 F
g EE 10% o1 ATt
5913+ Numerical Errorel 2|3}
A= FFo XY E Errore] S F
, LAY AAT Ag olE

48l HRY Aoz 245,

= L 2 L
_>':‘>~
o OL
Lo
on 5 =
&“WW

LR T T R )
sl
rshg

M e &

ol D,
2o to

P

32

o

)

[e]

ey
[
o
c
=}
7
o
Q
N
o
:?l_g‘
1%
]
[
Hﬂ
>.
2
M
ﬂ
~
o
=]

A2 5 93, olF WEE 4ol 2§l
g 5o ANY 5 gom,

Y, 9 52 dES R
55 olgdte] $FWAA AAHEY FARE
oA WeE SN G AHSEel 2§

AN 2T A5E £EHI AL A
Aol #ge) Fbssn.

7|

ok

B odre aRdTAR 2 e gzagey
(A 71N EAY, FAAHE 2012033521)

3 Qlsttistule] xelog sy H oM, A

AU,

References

1. Acik, S, "Internal Ballistic

Optimization of a Solid Rocket Motor,"

Design

Middle East Technical University, Degree
of Master of Science, MAY, 2010.

2. Hartfield, R., Jenkins, R., Burkhalter, J. and
Foster, W,
Methods for Solid Rocket Motor Grain
Analysis," 39th Joint Propulsion Conference
and Exhibit, ATAA 2003-4506, 2003.

3. Planells, R.C. and Guerrero, M.S., "Study
of Grain Burnback and Performance of
Solid Rocket Motors,"
Politécnica de Catalunya, Project Report,
IANUARY, 2013.

"A  Reveiw of Analytical

Universitat





