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ABSTRACT

The ablation characteristics of graphite nozzle throat insert was analyzed for the use in solid rocket
propulsion system. The propulsion system was composed of three types of conventional nozzles, such
as De-Laval type, blast tube type, and submerged type. Various kinds of propellants were used in ten
kinds of propulsion system that had different shapes with each other. Total forty eight tests were
performed. From the results of the analysis, it was found that the ablation rate was increased for the
higher average chamber pressure and the higher oxidizer mole fraction. A useful correlation for nozzle
throat ablation rate was developed in terms of the chamber pressure, oxidizer mole fraction, and
throat size. The calculated ablation rates from the correlation showed agreement within + 0.10 mm/s
with the experimentally determined values.

N
=

(o}

L
o,
tlo
M
1%
ol
32

g
b
ox
re
[0
>
o
rlo

e g
fu}
Obo O 1o

2
£ 4
sg

i

o £

E

o gk
S
ol-N
:1m N

04 Z 483]9] o B
2F3}A| %E—%Ol Z71g] we = S, St
327 5 3 A G¢AAE 13 =25 s dAAHS fFEsgeH

0.10 mm/s olllZ dX|3HT}.

oo R mx ofN Kl
il —
Bl AL ox

~

ro o oy Joy & @
b
fN

H+ J\-ﬂ

in)
X

Key Words: Ablation Rate(2}v}&), Graphite(3 1), Nozzle Throat()=%%), Thermal Response(Z41HS),
Thermal Resistance(U] &)

Received ) December 2016 / Revised 14 March 2017 / Accepted 18 March 2017
Copyright © The Korean Society of Propulsion Engineers 1. A =2
pISSN 1226-6027 / elSSN 2288-4548

[o] =& =383 W016d% FA8H&0)3)(2016. 12. 2123,

ZYRE ANATE) FRERS A 54 - LAF A A Z2A

A7) =5L ALdolA A

(e

4

This is an Open-Access article distributed under the terms of the Creative Commons Attribution Non-Commercial License(http://creativecommons.org
[licenses/by-nc/3.0) which permits unrestricted non-commercial use, distribution, and reproduction in any medium, provided the original work is properly cited.



13

e oIxt HT

| -

[—

Atelxfel Atotgof OJx|

2017. 8.

=3

H21# N4

B %o AN N = —
T Sangrexek TEREUE RO RS oS
ime ;uﬁ..MNATmm7 ~ W do of =T R E T W T o ® H of o dp TF OB B A
Uy LHE¥IML LT R o TEONE R S LA R w5
G oy R o TR ART W A & X oo B oo Amoma%a« 5
oﬂo@dr.%ﬂﬂfrsuy%u% WS g . R B TR g o o w oo B
@Eﬂﬂzﬂ do X TH R S RCCINL ] N =2 TR g W oo
mmuﬂ_._vﬁﬁﬂw_eﬂr71r7 oy 5 D o B _owmEe D mqﬂuéﬁﬂ T moE oo zﬁio_e
B TR I P 2§ BTN X — lemimﬂ_z L
‘|1rrEoT1:‘_7H0EE o= = o MR —_— o T L = - ,m-UuWELL.oJ)AI
o % ¥ M o = 2 5§58 P xﬂu_lu\h;ogu o KB K oo o 8= G
phiERd Mg S 4T wx M % G & X < 3 )
0 = NO il = ol e LO o dﬂ;oT X £ ol oEl! N = FI on . R O o
W o B MR T oo o BB e ~ ° = R Wo = W 2o ol T o T
PrguwdRgd g 7 2, =M E o2 TR MJHHQWMLOQMA%
o © = T —_ . B D — — :
SEFETgp 40P Vg EH CLIC - LTI B o B mmoiﬁwa<
%mwﬂﬁﬁ%ﬂagﬂwg B R R S R Eﬂmﬂ@wxqw%aﬁ/gg@w
— S _ N = — . =]
by g gt O#meﬂﬂ%ﬂwﬂfﬁqwuq g.ﬁ%ri%Hﬂm{%%cw
ﬁwwu@%%%)wﬁ%é%ao B E %Qﬂw%ﬂni@%ﬂﬁoﬂ ) m@ymﬂﬂa«aﬂ%ﬂr10<
il /.Wzo mgﬂx Eﬂﬂﬂa\h])xo&.oﬂﬁv%,‘_wﬂ %ﬁw@ﬂﬂm,ﬁﬂu%qx S
SR R ! we g Ex £y S eRes THY D R
L,OIN_._l‘.JlEE . ..;l.d;o....u ,Mﬂ. r. — zLﬂ _—ﬁ‘z_uLO _ S —
®T R ﬂﬂ;ﬂh@ﬂn@wi PR I mjﬂﬂﬂ#@m%ﬂﬂ%iwu
EIGN o T TGO Ew® Nrﬂ_luﬂﬂ_ﬂwr‘_ 11ﬂu1_. TSR B e BT
o = ooy U T T m o ﬂm oﬂ_a
"N = = - —— =
&ﬂ%@“#%&%zﬁﬂ{%ﬂ%% BB o B
BEE Pz s el gIwERT ToMTTe BRTATTMT BTBE TE
N R R H A > WIET o T 7 :
wp 0 = s U 5 o T o~ 2 h B I E O WX g ? e
ﬂO_E/O‘mﬂ‘XI‘VIO‘mﬂ_JX.ﬂﬂoﬂL,DIMM Oﬂmﬁ»%'ldlﬂ‘._ 1Jl._0 bwm ‘wﬂ&ﬂmo\mL‘wﬁoW W__m;ﬂ”.w _ﬁl
~ o - ; ‘I‘ — —
ﬂaﬁwﬂﬂmomﬂm_xmﬂﬂrﬂ?%ﬂ&ﬁ.& %%.,OLWOWMM ﬁwﬂﬂ.%%%mﬂm W%E.mm %H
S Ar=mw Ao amﬂ:ulﬂr@ :l%mﬂ R R I G NEE g T B
Ho ,mﬂ,u__/lr ﬂ,w‘_,mﬂﬂ/l zFQE OEIQﬂﬂﬂﬂ Po]d_ﬂxx s N m-ﬂl_ﬂL dndlw g S b <
othﬂJQﬂMﬂ%iﬁ';oﬂou_xw_ruﬂi o_emoﬂwg%mﬂ mﬂuvwmmﬂw_z.wwﬂ@wﬁW,w\om 7z X
T Tmﬁwm%wnum%ﬁw%ﬂ%zﬁg wﬂﬂﬂxnﬁﬁ Mﬂ%ﬂmﬂﬁufwﬁﬁ%mﬁ%m B s
A X R T R N M g oF T A PSP ETT T g o §
g gz TaRrEATE %ugzg? %W%%%%M%ﬂ@yﬁk 4 o
FEE Y TRT AR TR L0 Ge LT =Y sERTLTRELELE x
. N O o ) —_ AL X ~— —_—
an_qﬂiﬂﬁ#mﬂﬁwﬂ%%yﬂ%q - s FEalagy Loas LM
S TR RN SO T L PR oW o KT Doy el o W
T I K _g]%a@aaiﬂ%ﬂ@ﬂ&%ﬂ%# GAFTT R an T L
ﬂ%%ﬂﬂi%aﬂﬁﬂﬁ ™ Mo B R T N @R ioié%yﬂ&ﬂn@mﬂ%ﬂ.ﬁE
S I - R w ﬂ%lﬂi%mg% ST AP pRE L EdpBD A
L o Hr ,dr.m_xﬂa%ﬂ% wﬂ %ﬁaoﬁ LW.ME 3 m‘* L - Oy Jo M G | ¥ MOT i H iﬁoﬂhmuu
w A = = = ; = T .- = o
moﬁ%%W@lo_EﬂﬁﬂAo%A.WﬁﬂﬂaﬂHTMmﬂu?&.q@%w}odr%wm.m%wm%,ii%ﬂ
X ~ H o RE W RNT Mo Ho R =T oF No ) oV U _ o o = T X B
x O NG S T Mm@ W T N E AR W T
X° o W AT U <L B o %O N o) ‘UI < ) E._ _E
o X H oo -z T ~ r
e R



14

Fdot.

3|

mm/s) oW E L3

o
=

o

ZA  Avh(recession)®] F

H,0, CO, 7}59] 81828 (chemical attack) ¥

Klager[4]<=

12 d7uid 3 54

o]

1es B, &,

3]

=0
== %37’]'

g A=

AUAZ AT 2] Fol

O T
o

&

9] 257} 1600 K ©]

il

B
B
ol
N
N
A
B

Nr

;o_

el

| =

g

of os 2=, 2= A &

HaAgs Watvkdd, A

AN
o}/
o
B

™

A@ge] +
. ol A

=i}
=
3]

, W=

44, 4T AAE

s

&

A Ee] Fhu g Folofop

o &g 71A /71NN FxelA

Ballistic Test and Evaluation

KR
=

5]

System (BATES)¥} Materials Evaluation Rocket

s
Motor (MERM) 2

Keswani

N\
Ao
o

o

0

Plo
Ho

)0
B
el
ol

K

to 282N 2

o°

(pyrolysis)Al °F7]== 7}

35 (H,0 %

R

i3

gl <

A% g 2o

%

i, €9

N

SEE

L
-

=t Kuo®}t Keswani[6]

=13
=

JFe

o
LT
A ok ™
T
S
= 3
i) !
OT_._ H_Al ~
= <
° m
5T
G ﬂﬂ
+ T o
o B
< o o
= o
o ¥
o M T
o T N
o B
oo =5
= T ol
B oo 3K
9 N W
Moy o
W ol T
HLﬁ o) E_v
B
U RN
W
g4 4
oy B
T B
RN
do T T
<y,
oy oy To
T RO Ao

Yo

K

kinetics)©],

F-§-(chemical

H
gl

2
3 2

kil
&

2ol Al
Apugge] Ay

&
gHkol

N

froel

Lot WarEhgol ¢4

@Al

oret

il

il
L
o
4o
»AO

]

fuy

N
No

X
B
—~
1o

oo

e/

71 #o) A

1

718 1A =24 4

=
[<]

Borie

o

9o, Ho09 9

S

J
Hgo] w2z Avie] JFL vAS T

3]

i+

el

7o
il
oo
B
oy

=

pelll

q
!

vl

X

drges

3t

o))

I8 9

Evans

2rehA A

At &

A

o]

o EM
o o

F

=]
—

2. BT LR &

e

1S gx3lgoed, Ay 89 +15%(0.05

14

A



15
=RIES!
o 71A

9
pil

7 =
_g]

AL

)

B IR 67

| -

1A% 7,0.C0O,9)

\

aexel Afnt=of O

Ao}

7)okl A wl-¢

ul
=

S 2017, 8.
e $733

=2

EFAE Y E(thermal resistance)

(ablation)

H213 X4

TEWE 4 IRTPABHATENG R BT
ol ) f 0 Sy 0
TIgR ek SRR L LA I
~ 0 ~ © o 0% X
ol Lew_i el %o%ﬂnﬂ% Mo /ulem_l ﬂqmﬂ% BiE e TS
o K T %o T o op M;.@dl w”_%ﬂnﬂ = T M o ®e
I B PR R dpo Lo W
R R = T O T
- TR B e d B T w e g B
w3 ) % B mm R o~ O oﬁw o_ﬁ o Wp o OB e
X = ) T o = K
TR R B M e R
™ 0 Q o ﬁALﬂ s \T_
©Eso ¥g Py SSCF BALUETELLEERIY g
ol 2 "SR ,_I/L 22 ~ © ~ % g T o m_.o em _M_#H_c H_M}v o= o e ay
wgTe CwyEs 1 1T ﬂ%g%qﬁw +5m ®T
sty _F <S3x "IXaezABERRTOLT -
~ o c_o woT ~ iy 4 Q H a\| el UT = =y h %o o Mr.m =S OE m‘._ll 0
wg_:l _1_“”,#_5 S o+ o+ O 5 om o B o 2 o SR
Lol S S B CR I L I T A - T :x
Ov.,ol,mw._c ,Eu.mﬂ‘?lla ,IW__,# o_o To Mmﬂl,w,m_ﬂlﬂx_t z#alﬂ z#a Lt
-~ . R ® Ko =~ =o _L. o) L 0
Hmﬁ,Ozawdr o iguLxmﬁ_oLmﬂiquiOQ.i?
KON R W de S oF 4 o B wwohs §F £
TS F e TR OGN M T W W B ook W W T R
CNTI ER AT T TR M BB T T BT T
ﬂﬁm__umat OHWQMAﬂHﬂin% dﬂd.ﬂlo%ﬂlﬂéo&obt
T B T K o =& @ W oo W J oo g Joom A o ®
ﬂ&g T oo wﬁwoaomﬂ%} %@WEMWMW%%M
T g X SwHa - m P gRo®rtmpime
) S S T R AT E
—~ =) 0 — = Y
g e Pl g iweT ITdUsaagenh
N W LAl o TR RERNE g9
45Fd  IFEIRResisgl | wE T Fx o
P s ! n = = T = A 0
ﬂﬂWaﬂ W%M%W%Q%MHM NKAT%%WQWW@M&
S DO S A 5 Ak S R
p— 0 Tl —_ —
ﬂw_e_zfm. oo B M u|mnmﬁwhwﬁ7o T ek
]Awm_x] MnﬂAmﬂda;owmq E._Mﬂﬂ._ﬂfrﬂmﬁ.] ﬁumMEﬁﬂlATeTz_W
%TW T < i3 Wo o W W o " zr ﬁmﬁururx%ﬂ 2
mﬂ& @iM.%%%%ﬂﬂ@ﬂ#%ﬂéuﬂr7%i%ii%
I o RV O o o 5 ol B4
~ R om . EE jo 1 ﬂNo _.E 3V 17.4 ET ;Ir-.ﬂ Mu..E ui O#E AE q ‘ww W o EE
e N B i T e o W I O GO e AT .
T~ 4T X B X FTTNHNAITHAFET THERDDRIFITHEITDT S

Kuo$} Keswani[6]2]

PR LSRN



Mozzle

Blast tube

Rear end closure

chamber

One plece, fibre
wound case

(@) De-Laval type

(b) Blast tube type

Propellant grain (composite)

Composite
propellant

aniter
chamber
igniter

19 Ch(Fig. 1

°

Aol

il

O]
pil

AHgate] ey
B =

TR Az

725

Kok
h=}

2 A7 AHgE Fde dEst 174 g/em?
©]3, ®= Union CarbideAH(’dFH ATJ)olA]

16
31 Al

o))
!
N~
=
i
i
RK
op
N

o

)
fny
7O

submerged)

Ak

7

o.m

3

°

). De-Laval
a

5lH L, EZH(blast tube)
o F A

Ful

7O

MZ ge

p,]

b
No

ol
!

<
e

)
K
o
K
A

=
—

N o

stel 10 7<)

S

(c) Submerged type
A1-§

Fig. 1 Schematic of three types of solid rocket
propulsion system.

~3° YERH AT

+od
Al

°

10 T/ A
83t 483

=

[e)

AT

3]
=4

1#o =z A

7

L

Z
2N8E FPAh

o %

N
e

& Y72 37.8 mm (DL1)

N

-
a

4
™

o)
)

A
e

ks
=
[<)

2
ahe] )

=

—

=

-

ted 2 T/ M= o

°

AL
=, darse) BEA BEgo] Az o

tof w4l

s

=

=
=

=

Ho| Ao x| AtulEA

T8kl

A8

171380

A+
o
W

St AT

I

k3|
=



17

213 X45 2017, 8. 9 &5 MYMe AOiEo OX= S Xt HF
Table 1. Measured ablation rate of graphite at nozzle Table 2. Measured ablation rate of graphite at nozzle
throat according to chamber pressure in ten throat according to oxidizer mole fraction in
kinds of solid rocket propulsion system. two kinds of solid rocket propulsion system.
average measured C 1. measured
nozzle rockeF chamber ablation nozzle rocke.t oxidizer ablation
¢ propulsion propulsion mole
ype name pressure rate type name fraction, X rate
(psia) | (mmy/s) "2 (/)
934 0.106 . 0.164 0.106
DL1 1000 0.112 De Llaval DL1 0.164 0.112
1017 0.177 tyle 0.488 0.177
De-Laval 1359 0.228 0.062 0.128
tyle DL2 1363 0.229 0.062 0.130
1417 0.239 blast tube 0.062 0.121
tvoe BT3 0.062 0.158
DL3 1600 0.344 yp 0.062 0.148
1404 0.230 0.136 0.165
860 0171 0.136 0.190
BT1 884 0.180
830 0.168
BT2 1;18 83;2 Al EAE HA L:—Q—%(throat) AR A =H
blatst tube 1330 0128 3 AAAFE HAE UAY zolz ALEW, 33
€ 1490 0.130 = = &
P 1320 0.121 4 A AuE AFSste SAHSAT =25 4
BT3
1340 0.198 Ao N S DAY Ak, =
1260 0.186 APuh-S Abg3ke] 43
1170 0.272
SM1 1160 0.284
1140 0.279
1471 0.241 AlBIZdT &
SM2 1216 0.184 4. Az 24
1070 0.328
1145 0.300 _
1075 0.303 41 A e w2 s}
1035 0.282 . w < o
1075 0.320 Fig. 2+ 10 &7/ A= g2 g4 F37]
1089 0.265 5 5 o 3 5
1089 0208 ol hF A BEgE W e 5de
sbmeed | V3|10 | 02| Ahed v Aol
type 1087 0285 Fig. 22 %8 & & x| 4839 A 23}
1088 0.270 A4A Haggo] F/ e wEl Ambgo] F
1086 0.291
1087 0.274 7Vehe AEFS RIS & 5 Utk sds 39
1095 0.276 - = . N
1084 0.286 S 2t FATBAME ALY FFgy Wi
1600 008 7hoAA e AS HAR Aree dehn
1670 0.341 o) Zz2Z 0] x 2 “Z3go =27
SM4 1750 0.407 )y\qﬁ 3 oTl”] 1§ E]‘\_ = oF’H“] 'T‘1_7]“1’l'
1605 0.329 M= AAH A vtz Az ¥
1610 0.356
1630 0.424 dgEoe] 7l wet Aviso] Srbee B
oot
Table 32 3 &7 dwH3l ==es % =Z #dd 349 FASE wek =& %Y
B F718e AES] 10 FR HNZ 02 oz As4dRe Ay AP say dUE,
Fogel A/ ALt AFALATE £ F Aol maAdT Y Fhe kg BE
g3+ T AsA BEE (X w =25 HX o] Z7F HQle] Hrt
dxel Avkg 24 Azl fEE Avke W WE AAFo R AF Agse YR A
ozRE Audd AHE A3 Aok Ao g vHstng 4] S/ =5 2W
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Table 3. Calculated ablation rate from correlation and
measured ablation rate of graphite at nozzle
throat in ten kinds of solid rocket propulsion

system.
1 measured | correlated
oxidizer rocket . .
. ablation ablation
mole propulsion rate rate
fraction, X name
(mm/s) (mm/s)
DL1 0.177 0.245
0.344 0.326
DL3 0.230 0.293
0.171 0.149
BT1 0.180 0.153
0.168 0.146
0.270 0.394
BT2 0.274 0.394
0.241 0.293
sM2 0.184 0.250
0.328 0.240
0.300 0.254
0.303 0.241
0.282 0.234
0.320 0.241
0.4=X 0.265 0.244
0.304 0.239
0.293 0.244
SM3 0.290 0.244
0.285 0.243
0.289 0.245
0.270 0.244
0.291 0.243
0.274 0.243
0.276 0.245
0.286 0.243
0.408 0.398
0.417 0.398
0.341 0.364
SM4 0.407 0.379
0.329 0.353
0.356 0.354
0.424 0.357
0.15 < X < 0.4 DL1 8-]?2 8-]?2
0.228 0.256
DL2 0.229 0.257
0.239 0.265
0.128 0.167
0.130 0.183
0.121 0.166
X<0.15 BT3 0.158 0.168
0.148 0.174
0.165 0.246
0.190 0.246
0.272 0.209
SM1 0.284 0.207
0.279 0.204
oz FHYEE FF 27tE oplHEz
FYol 45 met AvhEE FAFL L
ik,
%3, Fig 225E ¢ § %ol A44 B
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Fig. 2 Effect of average chamber
ablation rate of graphite.
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